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Abstract
An experimental analysis of cylinders with different porous coating configurations was performed to
understand how these affect near-wake vortex formation mechanics. Five coating configurations were
produced using metallic foam to evaluate different vortex formation parameters, namely the vortex
shedding frequency, base pressure, formation length, wake thickness, vortex strength, and vorticity
ratio.
Existing scaling rules proved unable to describe all the vortex shedding patterns observed with less
than six parameters, thus a new scaling was produced. By considering that immediately after detaching
from a surface vortical structures will behave similarly unless disturbed, it was possible to reduce the
scaling to wake velocity components alone. Results showed the new scaling to collapse the description
of the near-wake from the initial six parameters to only four: three vortex relative speeds and vortex
shedding frequency.
Vorticity losses were shown to correlate with the ratio between vortex rotational speed and de-
taching shear layer speed with good agreement across all tested configurations. This validates the
description developed of the vorticity losses in the near-wake, based on previous work describing the
existence of two fluctuating wake length scales: formation and diffusion lengths.
In order to study the effect of porous coatings on the coupling between drag and vortex shedding
frequency, these were measured when sandpaper coatings and splitter plates were applied instead of
metallic foams. Results showed the vortex shedding to be decoupled from drag unlike what had been
observed for the metal foam coatings. Similar tests were performed on coating configurations with
porous coatings removed, with results illustrating the combined effect of porous coatings over base
pressure and formation length.
The well-established capability of porous coatings to decrease the unstable wake oscillations largely
responsible for aerodynamic noise is likely to be related to the suppression of the diffusion length
fluctuations.
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1Motivation
Vortex shedding is observed in several aerodynamic applications which can be described to behave as
blunt bodies, often with adverse consequences: the periodic wake instabilities generate an oscillating
force which has been reported to cause vibrations in structures such as chimneys and towers [1–3] or
landing gears [4], proving harmful from a structural point of view [5] and producing aerodynamic noise
[2, 6–8].
Being such an ubiquitous phenomenon it has remained one of the most important subjects in
aerodynamics, not only because of the several practical applications in which it is involved but also
because its description is fairly complex from a theoretical point of view. [9]
Much work has therefore been devoted to its suppression by interfering in the wake generation itself,
using either active or passive methods [10]. Such solutions have found applications in marine cables,
chimney stacks and pipe installations, where protrusions and surface irregularities have a disruptive
effect on vortex shedding by triggering the turbulent transition of the shear layer and interfering with
its separation [11].
More recently the application of porous coatings has been suggested as a means of passive vortex
control [6, 7, 12–15], as it has been claimed that given their particular geometry and topology they
are able to provide significant reductions in the aerodynamic loading caused by vortex shedding by
interfering with the vortex formation process [6, 13]. If applied to airfoil trailing edges porous coatings
have also been shown to reduce boundary layer noise [8, 16–18].
Porous materials present, however, additional challenges, not only because it is not easy to model
the flow through the porous coatings but also because its study is cumbersome from an experimental
point of view [19].
On one hand by allowing the fluid to flow through them porous coatings help developing an entrain-
ment layer characterized by a slip velocity which decreases drag[2]; on the other hand, their porous
profiles trigger the turbulent transition of the shear layer, delaying the separation point further down-
stream. Because this process affects flow separation it will necessarily affect the vortex formation region
and shedding frequency by consequence.
To what extent and how exactly these mechanisms (entrainment layer and turbulent transition)
occur and interact is however yet to be clearly understood: some authors have stated that porous
surfaces break larger scale vortical structures into smaller ones [20], while others have even referred
a dispersion of the kinetic energy field [21]. Moreover the application of porous coatings renders the
current scaling inappropriate as the canonical shape of a cylinder is no longer retained and therefore
the relation between base pressure and vortex shedding frequency, among others, is disturbed.
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Regarding metal foams this uncertainty is even deeper, as works on their application as a flow
control agent tend to focus on its results rather than on an understanding of the principles [6, 7, 22] in
action. Recent studies on the effect of metallic foams on base pressure and near-wake mechanics have
shed more light on the subject[19], but a complete description of these materials’ effect in the near
wake remains elusive.
In order to shed light on the interacting mechanics in vortex shedding and the effect of porous
coatings the present thesis aims at a comprehensive scaling where vortex characteristics immediately
after formation are taken into account instead of parameters related with the flow in the vicinity of
the cylinder alone. This will allow a comparative study between solid cylinders and different porous
coatings, understand how and why porous coatings work, and how this relates to the fundamentals of
vortex shedding itself.
2Introduction and literature review
In the presence of a cylindrical bluff body an incoming flow will necessarily divide itself in order to
contour it, producing two shear layers: one flowing above, and the other below the obstacle. Given
the adverse pressure gradient these are prone to detach, and will often do so in a periodical manner,
generating an oscillating wake composed of a series of ejected shear layers which naturally curl over
each other spinning in opposite directions. These vortical structures and their behaviour have provided
a subject of study for several decades of research in aerodynamics and fluid dynamics.
Fig. 2.1: Flow visualization of shear layers over a bluff body being ejected as vortical structures. [2]
As described by Williamson [23], the study of vortex shedding is particularly complex since it
requires the understanding of three different classes of shear layers operating simultaneously: the
boundary layer over the solid, the shear layer being detached, and the developing vortical structures
in the wake. Over time it has been a common trend in the study of vortex shedding to focus on one
or two of these parameters at a time, investigating either the aerodynamic forces applied on the body
or the vortical structures being shed (often through the vortex shedding frequency), but rarely the
detaching shear layers or their relation to the remaining parameters. In fact a comprehensive theory
4 2 Introduction and literature review
of vortex shedding has proved elusive and, as put by Roshko (himself a pioneer in the study of vortex
shedding) in 1993 [24], even after several decades of research the problem of bluff body flows remains
mostly rooted on experimental data.
2.1 Vortex Shedding in Bluff Bodies: Overview
The study of vortex shedding dates back to one of the most evident consequences of vortex shedding in
cylindrical bodies: “aeolian tones” [23]. These are generated by wind blowing over a wire or string and
triggering the shedding of vortices on an audible frequency [25, 26]. A phenomenon usually associated
with telegraph cables [27, 28], it was originally studied by Strouhal [29] at the end of the XIX century
and later by Lord Rayleigh [25] in 1915. The basic equation defining the Strouhal number St as a
function of vortex shedding frequency f , cylinder diameter d and flow speed U∞ was first introduced
by Lord Rayleigh [25]:
St = fd/U∞ (2.1)
It constitutes a cornerstone in the study of vortex shedding as it accurately predicts the vortex
shedding frequency f for any given cylinder provided its diameter d and incoming flow speed U∞ are
known. [30] It remains reliable to these days for Reynolds numbers from 400 to 2×105, a long-standing
tribute to Lord Rayleigh’s work.
Perhaps because attention had been drawn to it by an aeroacoustic phenomenon most of the
research on the subject was usually focused on the periodic aspects of bluff body flow, until in 1912
Von Ka´rma´n [31] related the vortex shedding to the drag on the body, producing a theoretical link
between the two. As referred by Williamson [23] von Ka´rma´n was a pioneer in thinking of vortex
shedding as an intrinsic phenomenon which must impact on the body.
Since vortex shedding does not occur at the same frequency for all speeds and the Strouhal number
itself does not remain constant with varying Reynolds numbers it only made sense to analyse it in
different ranges for these parameters. And so over time vortex shedding phenomena was arranged into
regimes.
According to Williamson [23], the concept was introduced by Roshko [32] in 1955, with the first
in-depth set of vortex shedding regimes being outlined fifteen years later [33] and updated in 1993
[24]. The works by Roshko remain a landmark in the study of vortex shedding and provide some of
the main references for the present thesis [9, 24, 32–36]. Achenbach [37, 38] would later relate vortex
shedding regimes with boundary layer characteristics, as summarized by Gu¨ven et al. [39].
Following von Ka´rma´n’s approach Roshko based his regime definition on the behaviour of the base
suction coefficient1 Cpb [24] with increasing speeds. Building on the results by Fage & Johansen [40] and
using streamline theory Roshko was able to relate the total circulation transmitted to the developing
vortex with cylinder diameter, flow speed and base pressure, [9] which would later be studied in detail
by Bloor & Gerrard [41].
As illustrated by Williamson [23] the vortex shedding regimes in flows around cylinders span from
a laminar steady regime (Re < 49) to the post-critical regime (Re > 6×106), with increasing Reynolds
numbers affecting the vortex shedding and transition regions between regimes being characterized by
1 The base pressure coefficient, as defined by Gu¨ven et al. [39], is given by the pressure coefficient in the low
pressure plateau in the leeward of the cylinder. That is, across from the stagnation point.
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instabilities. Each of such regimes can then be broken down into different sub-regimes, depending on
the characteristics of the turbulent transition, as described by Zdravkovich [42].
For Reynolds numbers between 49 and 194 (some authors indicate different values, albeit similar
[43, 44]) the vortex shedding occurs with no turbulent transition, that is, the vortex street generated
in the cylinder wake is symmetrical and laminar, as is the boundary layer over the body surface (see
Figure 2.2a). If the flow speed is increased instabilities begin to appear in the cylinder wake, with
this progressively becoming turbulent [23, 24, 43]. As the wake instabilities increase the recirculation
region becomes shorter and more unstable because of the entrainment from the shear layers and the
presence of reverse flows [45]; the shear stresses near the leeward begin to increase, as well as the base
suction. Eventually one of the detached shear layers encircles this recirculation region and the periodic
asymmetrical vortex shedding mechanism is activated (Figure 2.2b).
(a) Steady laminar wake.
(b) Unsteady laminar wake.
Fig. 2.2: Steady and unsteady laminar wake patterns [23].
For Re = 1000 to 2×105 the flow regime is considered to be subcritical: in this regime (Williamson
[23] refers to it as the “shear-layer transition regime” and Zdravkovich as TrSL [42]) the turbulent
transition happens in the ejected shear layers and the base suction and drag increase as this turbu-
lent transition moves upstream towards the cylinder surface with the Strouhal number St remaining
constant [2] as 0.2 for an equally constant value for the drag coefficient at approx. 1.2.
Gerrard [45] highlights the steadiness in Strouhal number as the most relevant aspect of this regime:
not only its frequency can be easily estimated, but also the increase in drag with the square of the
speed means that the drag coefficient remains constant as well.
If the flow speed is continuously increased in this subcritical regime, after the wake and the vortices
become turbulent the transition will continue to move closer to the cylinder leeward [23, 24, 43]. At
this point, as explained by Gerrard [45], the shear layers become more diffuse in the near wake region
and it will take longer for a cluster of vorticity to be carried through the wake and ejected as a vortical
structure. This “diffusion length” [45] should be affected by the presence of porous coatings over the
cylinder surface, and resonates with the observation by Price [20] that a turbulent wake is less prone
to develop large vortical structures.
The subcritical regime is considered to end at the so-called critical transition, which occurs for
Reynolds numbers around 2 × 105 [23, 43]. It has been observed that for higher Reynolds numbers
the shear layer becomes turbulent itself immediately after detaching, and the consequent reattachment
becomes asymmetric, with the two detachment points in both sides of the bluff body moving up and
downstream periodically over its surface.
This instability tends to end for Reynolds numbers around 4× 105, when both detachment points
over the cylinder become symmetrical once again (supercritical regime). After Re = 106 the base
suction tends to increase [24], with Schlichting [27] and Williamson [23] referring how research on
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very high Reynolds numbers and the transcritical regime have shown the stable vortex shedding to
reappear. Such regimes are, however, outside the scope of the present document.2
2.1.1 Near-wake mechanics
Williamson [23] highlights the works by Gerrard [45] and Perry et al. [46] on wake formation mecha-
nisms, with Gerrard suggesting that each vortex is generated by a periodical ejection of a shear layer
on one side of the bluff body when drawing the shear layer of the opposite, which in turns prevent
the latter from generating a vortex itself (Gerrard [45] refers to this process as the “cut off” of the
vorticity supply). Such mechanism is in agreement with the one described and pictured by Perry et al.
[46], and can be compared to the vortex shedding mechanism described by Cantwell & Coles [47].
Gerrard [45] formulates the vorticity supply cut off mechanism in the following way: a growing
vortex on one side of the bluff body (the recirculation signalled by a dot in phase (a) in Figure 2.3
[46]) will be supplied by the detaching shear layer on that side until it becomes strong enough to pull
the shear layer from the opposite side (notice in phases (a) and (b) the counterclockwise vortex being
fed by the upper shear layer).
According to Gerrard [45], at this point the stream of opposite vorticity from that side suppresses
the original input of circulation: the so-called “cut-off”.3 The vortex then stops increasing in strength
(phase (c) in Figure 2.3). From here on the opposing vortex develops in the same way as the original:
feeding on its opposite shear layer until the vorticity is once again cut off itself (phases (d) to (f)).
The vortex production just described takes place in the so-called “formation region”, a concept
introduced by Roshko [32] when he concluded that vortices formed within a region extending to a well
defined distance from the cylinder leeward in the near wake [36].
According to Bloor & Gerrard [41] the formation length has been described as the distance down-
stream from the body over the wake axis where:
- where u’/U is maximum (Griffin & Votaw [49])
- where the irrotational fluid motion crosses the wake axis (Bloor & Gerrard [41])
- with minimum low frequency velocity fluctuations (Bloor [44])
- with minimum mean pressure (Roshko [50])
Bloor & Gerrard [41] also hypothesized that the location of maximum velocity fluctuations at the
second harmonic of the shedding frequency could be used to identify the point at which two fully
developed vortices could be found. Berger & Wille [51] considered the vortex to be detached at the
instant when its circulation Γ is maximal (something also hinted by Bloor & Gerrard [41]). Such
statement agrees with what was postulated by the remaining authors, since as no energy is injected
into the vortex from this point on, its location of maximum strength must be immediately after its
formation.
While Gerrard [45] established that the distance from the cylinder at which the vortex can be
considered to be fully formed and the vortex frequency were inversely related (Roshko [9] had previously
showed how the vortex shedding frequency increases when the formation region decreases in size),
Williamson [23] highlights the correlation between this formation length and the measured base suction:
2 Schlichting [27] cited the works of Roshko indicating that vortex shedding was occurring for Reynolds
numbers around 3× 106, however, in his 1996 review Williamson [23] quotes the study of Shih et al [34] as
placing this post critical vortex shedding as early as Re = 106.
3 A mathematical explanation of this mechanism is provided by Abernathy & Kronauer [48].
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Fig. 2.3: Streamline model of the vortex shedding mechanism according to Perry et al. [46].
a close inverse proportionality first discovered in 1965 by Bearman [52] and in agreement with an
experiment made by Roshko ten years before [36].
This relation can be understood as the flow being more prone to oscillations if the width of the low
speed region is reduced: as Gerrard [45] put it, when the distance between the detaching shear layers
from both sizes of the cylinder is reduced their interaction (and successive curling) is encouraged.
2.1.2 Vortex shedding frequency
The subcritical regime is remarkable in the sense that the Strouhal number remains more or less
constant (between 0.19 and 0.21) throughout its Reynolds range (Figure 2.4) [45, 53]. This steadiness
in value was also observed by Schlichting [27] as being inherent to the phenomenon of von Ka´rma´n
vortex streets.
Gerrard [45] explains the constant Strouhal number with a destructive interference of what he
considered the two most important factors in determining the vortex shedding frequency: the length of
the formation region and the length from the leeward side of the body where the turbulent oscillations
in the shear layer cause the wake t be more diffuse. To the second length scale the author called
“diffusion length”.
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Fig. 2.4: Strouhal number as a function of the Reynolds number (trendline of data presented by Norberg
[1]).
If the Reynolds number is increased the higher free-stream turbulence will cause the diffusion length
to increase, which should cause the vortex frequency to decrease. However, a faster flow should also
generate a stronger base suction, shortening the formation length and therefore increasing the vortex
shedding frequency. According to Gerrard [45] these two mechanisms will tend to cancel each other,
causing the Strouhal number to remain roughly constant up to the critical transition (Re = 2 × 105).
Zdravkovich states that this stabilizing effect by the compressing wake prevents the flow from entering
the critical transition [42], and within this range the relation between the Strouhal and Reynolds
numbers is given by Roshko’s [32] empirical equation here presented as more recently by Ghosh [30]:
St = 0.198
(
1− 19.7
Re
)
for 250 < Re < 2× 105 (2.2)
It can be seen how even though the present form of Rayleigh’s equation is accurate within the
subcritical regime it is restricted to solid cylinders, thus not being applicable to bluff cylindrical bodies
covered in rough or porous coatings. Several attempts have therefore been made towards a general
scaling, the “Universal Strouhal Number”. If a broader analysis on the flow over porous coatings is to
be performed, this concept with what it implies must be first understood.
2.1.3 Streamline theory and universal Strouhal number
The fact that the structure of vortices being shed by a flat plate is identical to that of those being shed
by a cylinder or any given body means that in theory all wakes could be normalized in a similar manner
for comparison. This of course is the objective of the well known Strouhal number St = fd/U∞. The
question which arises is: “What if the body is not a cylinder?” (or, in our case, a cylinder with a porous
coating).
The first study devoted to such a normalization is attributed to Fage & Johansen [40], who analysed
the development of vortex shedding in the wake of bodies with different geometries (Figure 2.5). As
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pointed out by Zdravkovich [42], Fage & Johansen concluded that the widening of the wake occurred
in a similar fashion for all bodies, with the only differences being at the initial shear layer deflection
which depended on the shape of the body.
Fig. 2.5: Free shear layers according to Fage & Johansen [40]
Fage & Johansen [40] concluded that since the body characteristic length was not always aligned
with the flow the normalization did not yield the same value for all cases and decided to normalize the
frequency not by a body dimension but by the distance between rolling vortices, the wake thickness
d′:
Stf = fd
′/U (2.3)
While Fage & Johansen [40] produced data on different shapes and their base pressures and vortex
shedding frequencies Roshko [9] kept the parallel shear layers being ejected (Figure 2.16) in mind and
suggested a scaling based on the generated wake of any given bluff body rather than its dimensions.
Measuring this “wake thickness” d′ between parallel shear layers is however quite elusive given how
diffuse these tend to be. Roshko referred the difficulty to experimentally measure it himself, to the
point of eventually producing an analytical estimation given by the following equation:
d′ = πk
k2 + 1
k2 − 1 (2.4)
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Where k is the base pressure coefficient, corresponding to the surface pressure coefficient across
from the stagnation point, given by
CpS =
ps − p∞
1
2ρU
2
∞
(2.5)
According to Roshko his equation should be accurate for values of k up to 1.6 [50].
If we then assume the distance between the two shear layers d′ to be our reference dimension
and substitute it in the well known Strouhal relation (Equation 2.1) we’ll obtain Roshko’s universal
Strouhal number (us is the shear layer velocity as shown in Figure 2.16) [9]:
St∗ = fd′/us (2.6)
This relation is of course applicable to any bluff body provided that the distance between both
ejected shear layers is (in average) well known. Roshko related the universal Strouhal number to its
original counterpart in the following way, relating the shear layer velocity us and the free flow U∞:
St∗ = St
U∞
us
d′
d
=
St
k
d′
d
(2.7)
The base pressure parameter k can be obtained by applying Bernoulli’s equation to a streamline
approaching the cylinder (left-hand part) and then detaching from it (right-hand part) and then
calculating us/U∞ as follows:
From Bernoulli’s equation:
p∞ +
1
2
ρU2
∞
= pS +
1
2
ρu2s (2.8)
Separating pressure terms from their velocity counterparts
pS − p∞ =
1
2
ρ
(
U2
∞
− u2s
)
(2.9)
Dividing by U2
∞
pS − p∞
1
2
ρU2
∞
= 1− u
2
s
U2
∞
(2.10)
Which is equivalent to
CpS = 1− k2 (2.11)
From where k can be extracted as
k =
√
1− CpS (2.12)
Because the model assumes an idealized discontinuity in the wake/free stream interface which may
differ with cylinder and vortex mode Roshko [9] normalized the wake itself through a “wake Reynolds
number”. Since the universal Strouhal number should be applicable to different wakes and body shapes
Roshko directed his efforts towards a relation between both R∗ and S∗ [9].
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R∗ =
usd
′
ν
= Rk
d′
d
(2.13)
Roshko’s formulation is of course based on the assumption that the velocity at separation and
immediately after detachment is given by us = kU∞ and the base pressure is the same as that at
separation (leeward pressure plateau). With this it was possible to relate k (and therefore the base
pressure coefficient) to the wake thickness d′, as shown in Figure 2.6 for different shapes.
Fig. 2.6: Wake thickness ratio as a funcion of k. [9]
12 2 Introduction and literature review
As the shear layer velocity increases the wake thickness will decrease (Figure 2.6) with d′/d becom-
ing close to 1 as the wake is constricted by the ejected shear layers. While this can be related to the
observation by Gerrard [45] that the wake thickness decreases as the detached shear layers are ejected
at higher speeds, Roshko [9] also pointed out that this could be identified as the “measure of bluffness”
of the body, in the sense that bluffer cylinders will have wider wakes for the same value of k. From the
point of view of passive flow control this relation between “bluffness” and base-pressure parameter is
of special relevance, as it allows to evaluate how a coating influences the wake of a given cylinder even
if not significantly affecting its base pressure.
As highlighted by Roshko [9], the fact that the wake thickness is not measured but calculated, just
as us/U∞ is obtained from the base pressure coefficient rather than measured directly, significantly
increases the accuracy of the wake formulation: as referred before, identifying wake thickness and what
velocity to consider is often elusive and hard to define experimentally. By providing a mathematical
formulation to predict both values Roshko managed to circumvent the main experimental constraints.
The relation between S∗ and R∗ is presented in Figure 2.7 and illustrates how the universal Strouhal
and Reynolds numbers correlate, albeit with some discrepancy for R∗ below 8× 103, as acknowledged
by the author himself [9]. This could be attributed to experimental factors or free flow turbulence,
something later pointed out by Gerrard [45].
Fig. 2.7: Universal Strouhal number as a function of the universal Reynolds number. [9]
To perform the final step Roshko resorts to the relation between vortex frequency and equivalent
velocity described in the vortex circulation section, through the following substitution:
St =
fd
U∞
=
(
1− uv
U∞
)
d
l
=
(
1− uv
U∞
)
d
d′
h
l
(2.14)
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Using the f = (U∞ − u) l relation and assuming that d′ = h, it is possible to, substituting the ratio
h/l for the Ka´rman spacing ratio of 0.281 [9], write down the universal Strouhal number as:
S∗ =
0.281
k
(
1− uv
U∞
)
(2.15)
It was later shown by Bloor & Gerrard [41] that such an assumption leads to an error by a factor
of 2.4 in the real spacing between shear layers, with Gerrard [45] proving von Ka´rma´n’s agreement
to be fortuitous, since if the turbulence intensity in the incoming flow was changed no agreement
was obtained (see Figure 2.8). Gerrard went on to relate the rate of entrainment of vorticity into the
opposite row of vortices to the turbulence intensity, showing that the formation length could not be
described solely by the negative base pressure. [45]
Fig. 2.8: Universal Strouhal number with different turbulence intensities. [45]
Bearman [54] suggested a different approach by considering, instead of the distance between shear
layers at detachment, the distance between the two rows of vortices being shed h. This would therefore
be given by:
StB = St
h
kd
, k =
√
1− Cpb (2.16)
The fact that this parameter yielded a good agreement with other studies in the literature hints that
the kind of scaling this project aims to produce may indeed be possible. Ideally, if either Bearman’s [54]
or Griffin’s [55] parameter proves to apply to all coating configurations it could be used as reference
understand how a third parameter (the vortex strength) compares for all configurations.
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2.1.4 Surface Pressure and Aerodynamic Forces
Regarding aerodynamic forces the literature is extensive [39, 43, 53, 56, 57]: Norberg [1] presented a
thorough review on the analysis of lift fluctuations, while Schewe [53] analysed both the average value
for the drag coefficient and the lift spectra, identifying the peak frequency of the lift fluctuations with
that of the vortex shedding. Schewe [53] leaves the spectral analysis of the drag out, but Summer &
Fredsøe [43] state, based on data from previous literature [56], that the maximum in the drag spectrum
should be located at twice this value. This is in agreement with Powell’s theory of vortex sound [58],
which as will be shown later based the description of the phenomenon on wake mechanics rather lift
fluctuations as his predecessors had done. Powell’s approach is somehow similar to what is suggested
in this thesis, in the sense that it shifts the description of a wake phenomenon from the bluff body
surface to the near wake region itself.
The study of the aerodynamic forces exerted on the cylinder is of course intimately related to the
pressure distribution over its surface, especially since for solid cylinders the pressure drag component
is dominant over its viscous counterpart [21]. Roshko [24] went forward to say that when analysing
the drag behaviour with Reynolds number one should scale this parameter using the base pressure
coefficient instead of the drag coefficient directly, as the former is directly affected by near-wake me-
chanics (Figure 2.9). As explained by Roshko, by presenting uniquely the relation between the drag
coefficient CD and the Reynolds number (see Figure 2.15b) one can be misled into believing this to be
a direct relation, when in fact it is the result of the interactions of a set of parameters which include
cylinder surface roughness, turbulence intensity, aspect ratio and potential experimental effects. This
is the reason why Roshko divided the vortex shedding regimes based on the base pressure parameter
and not the vortex shedding frequency or simply the drag coefficient.
Regarding the average pressure distribution over the cylinder, Achenbach [57] describes a consistent
pattern with two peaks roughly at the detachment points[39], and a negative plateau in the leeward
side of the cylinder (see Figure 2.10).
Where Cp and Cf are the pressure and friction coefficients respectively, given by:
Cp =
p− p∞
1
2ρU
2
∞
(2.17) Cf =
τw
1
2ρU
2
∞
(2.18)
With p being the total pressure, p∞ the static pressure in the undisturbed flow, ρ the fluid density,
U∞ the incoming flow velocity, and τw the wall shear stress.
This low base pressure region, responsible for a significant part of the pressure drag and produced
by the continuous generation of a low speed region in the cylinder near wake, generates a negative
pressure pulling the cylinder downstream [24, 33, 59]. If we relate this to the description of the vortex
shedding mechanism by Gerrard [45] and make use of the skin friction coefficient distribution provided
by Achenbach [57] in Figure 2.10 it becomes easier to understand the mechanics in presence.
The low speed region in the averaged velocity field (Figure 2.12) is a consequence of two mechanics
in presence: the first being the low pressure region generated by the detachment of the shear layers
(indicated by a friction coefficient of zero) which deprives this region from flow influx and is described
by the separation points indicated in the plots by Achenbach [57] (Figure 2.10) and the base suction
coefficient.
The second contribution is periodic and has to do with the cut-off mechanism described by Gerrard
[45]: because the vortex shedding mechanism is periodic, when averaged the two velocity distributions
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Fig. 2.9: Base pressure coefficient with Reynolds Number. [24]
from each vortex will cancel in the formation region. This is produced as the shear layer obtains the
vorticity from the opposite side and is ejected periodically: for every vorticity/velocity increment in
one side of the cylinder there is a mirrored effect on its opposite side, and as vortices are shed the
following vortex cancels the former’s contribution once the results are averaged over time.
Of course every time a vortex is shed that has an implication on the pressure distribution. Cantwell
& Coles [47] included in their analysis the amplitude of these fluctuations in the pressure distribution,
with the result being presented in Figure 2.13.
Each period in the vortex shedding contains two opposing peaks (one representing one vortex being
shed on one side of the cylinder and the other representing its opposite) and each of these vortices
is ejected with a positive velocity along x and a positive or negative velocity along y depending on
which side it is shed (see the coordinate system scheme at the bottom right corner). As the pressure
drop points in different directions in the y axis, its effect on lift will have a sinusoidal distribution with
periodic negative and positive contributions, explaining why the lift fluctuations must have the same
frequency as the vortex shedding.
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Fig. 2.10: Pressure and skin friction coefficient distributions over a cylinder at Re = 105. [57]
Because each time a vortex is shed there is a negative pressure over the surface as it detaches from
the cylinder this means that for every shedding period there will be two maxima in the drag signal:
hence why the frequency of the drag fluctuation is twice4 that of the vortex shedding [43, 58].
As demonstrated by Szepessy & Bearman [60] both lift and pressure drag can be computed from
integrating the pressure over the cylinder surface in the relevant direction, x for drag and y for lift (θ
being the azimuthal distance between the location over the surface and the stagnation point).
CD = CDp + CDf (2.19)
In addition, by comparing force balance measurements with pressure integration through Equation 2.19
it is possible to obtain the percentage of viscous drag in comparison to its pressure counterpart [38].
CL (t) =
1
2
∫ 2θ
0
Cp (θ, t) sinθ dθ (2.20) CD (t) =
1
2
∫ 2pi
0
Cp (θ, t) cosθ dθ (2.21)
4 These relations will hold as long as the vortex shedding is stable and symmetrical. That it, is in the subcritical
regime. For Reynolds numbers beyond the critical transition other relations are required [53].
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Fig. 2.11: Skin friction coefficient over cylinder at different Reynolds numbers in the subcritical regime.
[57]
Fig. 2.12: Averaged velocity distribution in the wake of a solid cylinder at Re=1.4× 105. [47]
Because the lift oscillates periodically around zero an accurate measurement of the amplitude
of the fluctuations can be better achieved if we consider the root mean square of the signal [1, 53]
(Equation 2.22).
Lrms =
√√√√ 1
n
(
n∑
i=1
L2t
)
(2.22)
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U8
Fig. 2.13: Fluctuating pressure coefficient over a cylinder at Re = 105. [47]
For the subcritical regime the root mean square of the lift coefficient is always higher than that of
the drag (as can be seen from Figure 2.14). This is understandable since the pressure drag is the result
of the balance between upstream and downstream pressures over the cylinder surface, in agreement
with the results obtained by Naito & Fukagata [21]) with the downstream pressure being mostly due
to the base suction [42].
The constant value for the drag coefficient at around 1.2 for the subcritical regime is a well known
phenomenon [35, 53, 57, 61, 62] and Zdravkovich [42] explains it with the relation between diffusion
and formation length outlined by Gerrard [45] which also explained the constant value in Strouhal
number. As the Reynolds number is increased the turbulence intensity in the shear layers is increased,
making them more diffuse and producing a wider wake. This “displaces” the shear layers into the
undisturbed flow, and as much as the increased velocity shortens the formation region and causes the
wake to expand, its width is constrained by the presence of the incoming flow which in turn should push
the turbulent transition downstream. If the total disturbed region length is defined as encompassing
the formation bubble and transition region it can be understood how increasing Reynolds numbers
do not alter its total size as formation and diffusion lengths balance each other. For the same area
of disturbed flow the force exerted over the cylinder will increase linearly with the square of the flow
speed, and therefore CD remains constant (Figure 2.15b).
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Fig. 2.14: Fluctuating and mean lift and pressure drag coefficients with Reynolds number. [42]
2.1.5 Vortex strength
When studying vortex shedding one of the key aspects to analyse is the vortex strength Γ . Circulation
corresponds to vortex strength and as shown in the following equation circulation is given by the
integral of vorticity (ζ) in a rotating vortex [41, 51].
Γ =
∫ ∫
ζdS (2.23)
It is of special interest to us since it constitutes a way of measuring how much of the shear layer
vorticity is effectively transmitted to the generating vortex. In order to establish this relation Roshko
[9] applied streamline theory to integrate the rate at which vorticity flows across a section of the shear
layer being ejected in the following way:
Γ =
∫ h
0
ζU (y) dy (2.24)
for a control volume of thickness h across the boundary layer at separation and aligned with the
y axis. The vorticity is assumed to be convected by the shear layer across the control volume section
with the shear layer velocity distribution. This is therefore the vorticity flux and it can be understood
that ζ is therefore the vorticity being convected downstream by the shear layer.
Taking the vorticity definition and introducing it in the previous we can obtain the equation
presented by Roshko [9] by doing
∫ 2
1
ζU (y) dy =
∫ 2
1
(
∂v
∂x
− ∂u
∂y
)
u (y) dy (2.25)
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(a) RMS of lift fluctuations with Reynolds number [53] (adapted)
(b) Average drag coefficient with Reynolds number [53] (adapted)
Fig. 2.15: C′L and CD as a function of Reynolds number.
Assuming the velocity component perpendicular to the flow to be constant and equal to zero that
makes ∂v∂x = 0 which means the previous equation can be re-written into∫ 2
1
(
−∂u
∂y
)
u (y) dy =
∫ 2
1
−δu · u (y) = u
2
1 − u22
2
(2.26)
Which describes the convected vorticity simply by knowing the velocity at the bottom and end of
the shear layer. This is especially complex to validate experimentally because it is hard to accurately
measure where a shear layer starts and ends. Roshko solved this issue resorting to streamline theory
[9, 36, 50].
2.1 Vortex Shedding in Bluff Bodies: Overview 21
Assuming the free-streamline hypothesis U2 is zero (non slip condition over the cylinder surface)
whereas U1 is the “discharge-velocity” [63] at ejection, given by Roshko’s relation us = kU∞, where
k is the ratio between detaching shear layer velocity and free stream velocity, also referred to as base
pressure parameter. By consequence:
U21 /2 = k
2U2
∞
/2 (2.27)
(a) Parallel shear layers in the wake of a bluff
body.
(b) Schematic representation of U∞ and us
(here Us).
Fig. 2.16: Detached shear layers according to Roshko [9].
At this point it is possible to perform the final step from shear layer velocity and vorticity to
base pressure and vortex shedding frequency: recall how the integration is performed on the basis
of a vorticity flux being evaluated across a shear layer section. Being vortex shedding a periodic
phenomenon, then the rate at which circulation is ejected is given by fΓ , where f is the vortex
shedding frequency. Because the circulation is an integral of total vorticity in a vortex then it means
that for each vortex we will have the following relation:
fΓ = k2U2
∞
/2 (2.28)
This equation assumes, however, that all of the vorticity contained in the shear layer is effectively
transmitted onward to the forming vortex. Roshko [9] refers how Fage & Johansen [40] observed that
such did not happen: only a fraction ǫ of the vorticity of the shear layer was convected into the
vortex, which one can think of as the vorticity convection efficiency. Roshko then re-writes the vortex
circulation as [9]
fΓ = ǫk2U∞
2/2 (2.29)
The term ǫ is identified as the “vorticity ratio”, ans is given by the portion of total vorticity
contained in the shear layer which makes its way to vortex:
ǫ = Γ/Γ0 (2.30)
Where Γ0 is the theoretical vortex strength as given by Equation 2.28.
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To conclude this derivation, it should be referred that Roshko substituted the vortex shedding
frequency for the relation between the vortex and free stream velocities f =
U∞ − uv
l
, where l is the
spacing between vortices along the wake axis and uv the vortex velocity relative to the free stream.
Such transformation yields the following definition:
U∞ − uv
l
Γ = ǫk2U2
∞
/2 (2.31)
Bloor & Gerrard [41] normalized Equation 2.29 using the Strouhal number St and the cylinder
diameter:
Γ
πU∞d
=
ǫk2
2πSt
(2.32)
The present formulation by Bloor & Gerrard [41] is of special interest in the study of porous
coatings, since it hints that for every vortex circulation Γ ejected at a certain regime characterized by
a Strouhal number St there is a cylinder of diameter d which will behave in the exact same manner,
provided that it is exposed to an appropriate flow speed U∞. In the case of vortex control, this allows
to establish an “equivalent diameter”. That is, the diameter required of a solid cylinder to eject similar
vortices to those by any given coating.
Birkhoff & Zarantonello [64] represented the vorticity rate fΓ by abreviating 2.28 into
fΓ = ΛU2
∞
(2.33)
Where Λ = ǫk2/2. As demonstrated by Berger & Wille [51] the “defect ratio” (that is, the ratio
between vorticity contained in the boundary layer and vorticity being shed) can then be written as
Γ
Γ0
=
2Λ
1− Cps
(2.34)
It is easy to understand that the defect ratio and ǫ are two different scalings of the same parameter,
but such formulation is also important since much work was devoted to the determination of Λ.
Berger & Wille [51] refer Λ measurements at low Reynolds numbers (65 and 151) of 0.395, which was
equivalent, for the base pressure in presence, to an ǫ of approximately 60%.
The experiments by Fage & Johansen [65] on flat plates exposed to flows at different inclinations
found ǫ to vary between 0.55 and 0.70 when the plate was placed perpendicularly to the flow (the
vorticity being measured at 8 and 10 plate lengths downstream from the plate). Fage & Johansen
[65] noted back in 1927 that changing the angle of incidence at which the plate was placed did not
significantly change the ratio of vorticity. Since such experiments were performed four decades before
Gerrard introduced the concept of “vorticity cut-off” [45] Fage & Johansen could not have related ǫ
to the vortex formation mechanism as it is now understood, but indeed attributed this to the mixing
of “positive and negative vorticities”[65] in the near-wake of the plate.
When Roshko applied the findings by Fage & Johansen [65] to flows around cylinders he concluded
that for a wide range of reynolds numbers ǫ could be considered to be approximately 0.43. Since his
main objective at the time was to estimate the drag based on wake parameters Roshko plotted the
drag coefficient as a function of the base pressure parameter for different values of ǫ, as shown in
Figure 2.17.
A numerical analysis by Abernathy and Kronauer [48] puts ǫ at around 0.6, which is in agreement
with the value presented by both Fage & Johansen [65] and Wood [66]. According to Bloor & Gerrard
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Fig. 2.17: Wake solutions for different base pressure parameters and vorticity defect ratios [36].
[41] this value should probably be even lower with the authors suggesting that as much as “70 to
80% ” of the boundary layer vorticity is lost from detachment to the end of the first period of vortex
shedding: that is, a value for ǫ of only 0.2. This was also mentioned by Gerrard in a previous publication,
claiming that the vorticity inside the formation region could be “considerably less” than that of the
shear layers [45]. Even though Gerrard and Bloor tested lower Reynolds numbers and the authors
themselves attempted to explain such discrepancies with Roshko’s assumptions it is unclear how such
low values are justified, especially since so many efforts to characterize the vortex defect ratio found
values around 0.5 [67].
Berger & Wille [51] obtained ǫ ≈ 0.428 for Reynolds numbers around 200, closer to those obtained
by Roshko [36]. Just as Bloor & Gerrard [41] care was taken into performing measurements downstream
enough for the vortices to be fully developed. According to Berger & Wille [51] such value is also in
agreement with those obtained by Berger [68, 69]. The general trend seems to be, therefore, of ǫ ≈ 0.6
for higher Reynolds (Re ≈ 104) and ǫ ≈ 0.4 for its lower counterparts.
As referred by Berger & Wille values in the literature tend however to differ even when both
experiments were conducted at the same Reynolds number, likely due to experimental factors such as
wind tunnel characteristics and turbulence intensity. Berger & Wille [51] mention other analysis on ǫ
by several authors [36, 41, 65–67]:
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No complete description of ǫ for different Reynolds and porous coatings has been produced, however,
and a deeper analysis of ǫ is required to understand how much vorticity is lost at Gerrard’s “cut-off”
with and without the application of porous coatings.
2.1.6 Von Ka´rma´n vortex drag - Relating drag and vortex strength
According to Von Ka´rma´n, for a vortex wake composed of two rows of staggered vortices the flow
potential can be given by the interaction of two sets of Helmholtz vortices, with every two vortices in
the same row at a distance l from each other and the two rows separated by h [31]
x = ϕ+ iψ =
iΓ
2π
ln
sin (z0 − z)
π
l
sin (z0 + z)
π
l
, z0 =
l
4
+
hi
2
(2.35)
By performing a moving momentum balance over the cylinder-wake system von Ka´rma´n isolated
the component of drag related to vortex shedding.
Flow direction
Fig. 2.18: Von Ka´rma´n integration domain. [31]
Von Ka´rma´n established that since the cylinder wake is unstable the momentum balance before
and after won’t do, as one of the boundaries is oscillating. This was solved by performing a momentum
balance over a moving domain. If the cylinder moves with speed U∞ and the vortices are shed with
relative speed uv, the distance covered by each pair of vortices is then given (in a referential moving
with the body itself) by l = (U∞ − uv)T , where T is the vortex shedding period. Notice that, as
explained by Zdravkovich [42], in this reference system the wake can be considered steady because the
integration volume is moving with the vortices so no vortex crosses the domain boundary.
Von Ka´rma´n goes on to explain that the total resistance applied on the body will be given by the
momentum balance over the course of a shedding period (that is, the difference in the momentum
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integrals BB′C′C and AA′D′D, which translates into the difference between both integrals ABCD
and A′B′C′D′) minus the momentum influx during the considered period T and the pressure over
the control volume. Von Ka´rma´n obtained, for a vortex shedding body, the following relation between
vortex strength Γ and drag D: [31]
D = ρΓ
h
l
(U∞ − 2uv) + ρ
Γ 2
2πl
(2.36)
Zdravkovich [42] puts this integration in rather simpler terms, stating that from the initial term
ρΓ
h
l
(U − uv) referring to the change in momentum per period because of the vortices generated by
the presence of the body, one has to subtract the momentum flux from the horizontal control surfaces
equal to ρΓhu/l, and add the momentum and pressure integrals on the vertical sides, which amount
to ρΓ 2/ (2πl).
Whichever way the equation is interpreted, the assumptions by von Ka´rma´n [31] remain the same:
[42]
(i) Inviscid flow and potential point-vortices
(ii) Two rows of point-vortices arranged accordingly to von Ka´rma´n’s stability criterion
(iii) The fluid at a large distance from a towed body is considered at rest
(iv) The vortex formation process is not taken into account
Let us go through these assumptions one by one:
(i) Inviscid flow and potential point-vortices
Von Ka´rma´n [31] devotes the first half of his paper to the derivation of a stable vortex street configu-
ration for which first order disturbances are damped over time and the vortex street retains its original
shape. The obtained spacing of h/l = 0.283 was later proven to be fortuitous, although correct [42],
something which for a long time was not understood since other researchers, such as Rosenhead [54]
showed that all configurations of potential vortex streets were in fact unstable.
Schmieden [70] hypothesized that in real flows viscosity stabilizes the wake by suppressing smaller
disturbances. This approach is in agreement with the methodology followed by von Ka´rma´n in 1912
where higher order disturbances were considered negligible: in neglecting higher order terms, von
Ka´rma´n [42] was inadvertently including viscosity’s damping effect.
The application of a set of two rows of staggered viscous vortices rather than potential vortices
was performed by Hooker [71], where the discrepancy in results for spacing ratios h/l was equally
addressed. The author went on to show how diffusion down the vortex street was negligible, stating
that there was no point in substituting potential vortices for viscous ones, and what is happening is
merely a diffusion of vorticity within a region so small that representing the vortex as a potential point
vortex (Equation 2.37) produces the same result. This conclusion by Hooker is especially important in
the present project, since the same assumption was made when computing the vortex strength in the
wake.
Γ =
∫ r
0
2πrζdr = Γ0
(
1− e−r2/4νt
)
(2.37)
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(ii) Two vortex rows arranged with h/l = 0.283
Hooker noted that as the vortices are convected downstream the distance between them l remains
constant [71], and any change in spacing ratio must than come from the distance between vortex lines
h, which increases over time: this is the “curl-up” of vortex streets mentioned by other authors such as
Birkhoff [45]. Hooker [71] explained how this rolling up of the vortices is not related to viscous diffusion,
and demonstrated how the vorticity decays over time, attributing the loss of vorticity to frictional
heating. Zdravkovich [42] describes how the results obtained by Hooker [71] were later confirmed
experimentally by other authors.
(iii) The fluid at a large distance is at rest
According to Zdravkovich [42], Prandtl & Tietjens [72] highlighted how this assumption could be
understood if the fluid was considered without friction everywhere except close to the body where
the vorticity was generated. This implied therefore that the body was shedding vortices continuously,
which is also impossible and not in agreement with the oscillations of the wake width in the formation
region, but understandable in light of staggered potential vortices.
(iv) Neglecting the formation process
The two components to be subtracted in von Ka´rma´n’s paper [31] are evaluated before and after
the body, at the incoming flow and a steady vortical wake. This means only initial and final data is
considered, and therefore the drag calculated with Equation 2.36 will not include the force applied over
the body during the vortex formation process. Because Γ decreases over the wake the vortex strength
in von Ka´rma´n’s equation must be the vortex strength immediately after formation5 and therefore
given by the equation first suggested by Roshko’s circulation equation [9].
2.2 Vortex Control
Zdravkovich [2] refers two key aspects to describe the phenomenon of vortex shedding: “entrainment
layers” and “confluence point”. These entrainment layers are the detached shear layers, and therefore
will be referred as such, in order to avoid confusion with the entrainment layers flowing through the
porous coating. The confluence point is described as the region where the two shear layers coming
from opposite sides of the cylinder meet, similarly to the saddle point described by Cantwell & Coles
[47]. Because vortex shedding consists in the rolling-up of these shear layers and the periodic switch
of the confluence point, vortex shedding can then be suppressed by interfering with such shear layers
or fixing the confluence point at one place [2], since if both shear layers meet at the same position at
all instants it is impossible to have oscillations in the wake.
Flow control mechanisms can be divided in three categories: active, if they require a power input;
passive, if they do not require an active input; and hybrid, if their functioning depends on both triggered
and passive mechanisms. Because passive control is easier to implement and does not require a power
input [14] several works have been produced on its application both experimentally [2, 12, 38, 73, 74]
and numerically [75–77].
5 Unless the equation takes this into account and the values of h and l are corrected/tailored. However,
considering von Ka´rma´n assumed h/l was constant, that’s unlikely.
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In order to evaluate the performance of metal foams in suppressing vortex shedding it is first
important to understand how other passive control mechanisms impact on it.
2.2.1 Passive control methods according to Zdravkovich
Zdravkovich [2] divided passive mechanisms for vortex shedding suppression in three main categories:
(i) near wake stabilisers; (ii) surface protrusions such as trip wires and helical strakes, and (iii) shrouds.
Near wake stabilizers
Near wake stabilizers are of special importance since they have been used to identify some of the main
vortex shedding principles [9, 45] and differ from the other methods in the sense that they do not affect
the flow over the cylinder surface, but rather the near wake mechanics [34, 44, 45, 78] immediately after
the leeward side of the bodies. Near wake stabilisers are intended to prevent the interaction between
the ejected shear layers [2], causing the cylinder to behave like a streamlined body, providing it with a
near wake more similar to that of a trailing edge. Near wake stabilizers found in the literature include
splitter plates, slits and base-bleeding systems.
Zdravkovich [2] attributed the first comprehensive study on the application of splitter plates as
near wake stabilisers to Rosko [9], who performed tests with splitter plates placed in the near wake of
the cylinder, aligned with the flow, and repeated this procedure for different splitter plate sizes and
locations as well.
When a splitter plate with a chord equal to 1.14 times the diameter was connected to the cylinder
leeward the Strouhal number was reduced but vortex shedding was not suppressed, which meant
the splitter plate chord was shorter than the formation region (Figure 2.19). This decrease in vortex
shedding frequency is in good agreement with what was indicated by Gerrard [78]: an increase in
formation region leads to a decrease in the vortex shedding frequency.
Roshko [9] identified a decrease in base pressure (that is, an increase in base suction) when the
splitter plate was applied (Figure 2.19). This can be explained by an orientation of the shear lay-
ers which were then directed downstream along the plate, increasing the low pressure region in the
cylinder leeward; Roshko [9] called this a “streamlining effect”. Roshko identified another interesting
phenomenon: if the splitter plate was continuously moved further downstream the base suction would
decrease (as the detached shear layers were now allowed to close in and fill some of the low pressure
region and the presence of the splitter plate “locked” them in) and then, when the splitter plate was
3.85d downstream from the cylinder leeward, the Strouhal number would abruptly jump to the well
established value of 0.2 and the base pressure coefficient to its typical value: As later described by
Williamson [23], Roshko had experimentally identified the vortex formation length.
Another experiment by the same author consisted in placing a splitter plate in the leeward side of
the cylinder with a chord five times its diameter (Figure 2.20). Roshko [9] observed how the maximum
in the base suction was actively reduced, at the same time the overall wake pattern became more stable.
Although it is now known that such a splitter plate does not cancel vortex shedding [2], the splitter
plate experience shows how preventing the two shear layers from meeting immediately in the cylinder
near wake significantly reduces wake instabilities since the resulting configuration is more streamlined
than the original cylinder.
Gerrard placed a vertical splitter plate downstream from the cylinder and measured the frequency
of the flow oscillations (Figure 2.21) [45]. He observed a large discontinuity in Strouhal number as
the distance from the leeward was varied, but this time the vortex shedding frequency was actually
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Fig. 2.19: Wake interference with 1.14D splitter plate [9] - effect on Cp.
Fig. 2.20: Wake interference with 5d splitter plate [9]
increased [9, 45]. As described by Gerrard himself this result seems contradictory, since a splitter plate
in the vicinity of the leeward of the cylinder would be expected to increase the formation region a
decrease the vortex shedding frequency. Gerrard explained this result noting that as long as the plate
was placed close enough to the leeward side the formation length would only start immediately at its
surface, and therefore being much smaller than that of a solid cylinder [45].
According to Gerrard, when a vortex was growing after the splitter the plate the cross-flow velocity
was higher and therefore the shedding process was enhanced. Gerrard highlighted however how this
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result, although similar to what had been observed by Bearman [52], was not in agreement with the
principle postulated by Roshko [9] that the bluffer the body the lower the frequency of the vortex
shedding. Gerrard explained this discrepancy with the difference in turbulence levels of the detached
shear layers compared to those measured by Bearman [52], and concluded that given the gap between
the cylinder and the splitter plate the shear layers would be thicker than if being ejected directly from
a blunt body [45].
Fig. 2.21: Wake interference with vertical 0.69D splitter plate [45]
Trip wires
Regarding the study of trip wires several works can be found [11, 20, 79–81], with Fage & Warsap
[79] having varied the trip wire diameter and location for the purpose of drag reduction. According
to Zdravkovich [2] Fage & Warsap [79] noticed that the disturbance caused by the presence of the
trip wire became less severe when they were moved upstream towards the stagnation. This conclusion
would later prove relevant from the point of view of porous coating treatment in bluff bodies [12].
In 1972 James and Truong [81] performed similar measurements, having found an increase in the
drag coefficient in the lower subcritical range, and identified the same optimal position (65◦ from the
stagnation point) as the one corresponding to a maximal drag reduction, although observing an increase
of drag in the lower subcritical range. Price [20] later performed experiments with both longitudinal
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trip wires and helical wound wires around the cylinder but his efforts in identifying a configuration
which significantly reduced drag proved fruitless. According to Zdravkovich this would lay the grounds
for his shift into the study of shrouded cylinders [2].
Fig. 2.22: Surface protrusions as represented by Zdravkovich [2]. The first two on the left show tripwires
distributed over the cylinder surface, the second a typical triple helical strake configuration, and the
fourth a uniform protrusion distribution.
Scruton & Walshe [82] performed measurements on a cylinder encircled by three helices and discov-
ered that the helices could reduce the aerodynamic excitation and the critical velocity was increased
when the thickness of the strakes was increased as well; as more flow was being deviated by the helix,
a higher velocity was required to overcome its effects. In a different approach Woodgate & Maybrey
[83] dedicated their work to the study of how the pitch of the helix affected the vortex shedding.
Shrouds
The third mechanism referred by Zdravkovich [2] consists on the application of shrouds over the
cylinder surface. Unlike stabilisers or protrusions these do not consist on the application of separate
components over the circular cylinder but a continuous permeable surface over it. A good description of
the overall functioning of perforated shrouds can be found in the work by Wong & Kokkalis [84], where
this methodology was also compared with others regarding damping coefficients and base pressure.
Galbraith [85] attributes the first thorough study on shrouded cylinders to Price [20], where the
author demonstrated how porous shrouds suppressed vibrations and attempted to explain the mechan-
ics in presence. Price believed that the small orifices on the perforated shrouds would split the larger
structures present in the flow into multiple smaller scale vortical structures incapable of triggering
vortex shedding. Galbraith stated that these smaller vortices would actually coalesce into large scale
vortices downstream from the cylinder, but at a larger distance.
Price’s [20] assumption that porous shrouds would break the larger vortical structures into small
scale structures relates back to the wake analysis by Cantwell and Coles [47], and correlates with
the description of a disrupting mechanism referred by Perry et al. [46] delaying the vortex generation
further downstream [2].
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Fig. 2.23: Shrouded cylinders as represented by Zdravkovich [2]. The first three on the left show full
coatings with different porosities, while the fourth cylinder was only partially coated, similarly to some
of the test cases analyzed in the project described in this thesis.
Achenbach & Heinecke [73] attributed this result to the turbulent boundary layer transferring a
higher amount of energy and then allowing the ejected shear layers to follow the cylinder shape further
downstream. That is, a decrease in wake width in accordance with other studies on the subject [15,
20, 21]. This is also in agreement with Gerrard’s [45] assumption that more turbulent shear layers
will be more diffuse, taking longer for a concentration of vorticity to coalesce into a proper vortex.
Entrainment layers through the shroud decreased the base suction as the shear layers were ejected
closer to the leeward side (delayed detachment [86]) and filled the low pressure region.
Because shrouds simultaneously induce the generation of an entrainment layer while triggering a
turbulent transition (Figure 2.24) these can be compared to metal foams in their fundamental mechan-
ics; Klausmann & Ruck [19] refer how shrouds can be compared to highly permeable foams as they
produce the same kind of entrainment layer.
The other aspect of shrouds has to do with what Galbraith [87] called the ”eﬄux” (some authors,
including Galbraith, simply described this flow as a different kind of base bleed [19, 87]). This refers to
the turbulent flow constantly escaping the shroud inner layer through the shroud interface. According
to Galbraith this effectively suppresses the vortex formation by pushing the formation region away from
the cylinder leeward. This observation by Galbraith constitutes therefore another point of interest in
the present research, since it relates base bleed to the formation length.
2.2.2 Porous coatings and surface roughness
Porous coatings
The application of porous coatings on cylinders has been shown to stabilize the flow in the cylinder
wake [14, 21, 76, 77, 88, 89], with two effects being identified so far: the production of an entrainment
layer through the coating6 and the triggering of turbulent transition of the detaching shear layers [21,
88].
6 A study on the distribution of velocity in this region is given by Watanabe et al. [74], with works having
been devoted to the subject [15, 90–92].
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Fig. 2.24: Flow across a slatted shroud. [87]
Because full coatings have been shown to increase, rather than decrease, drag [19], Ruck et. al [12]
studied partial coatings with metal foams, identifying how vortex shedding was reduced depending
on the region of the cylinder where the porous coating was applied. The work by Ruck [12, 19] is of
particular interest to the present thesis not only because detailed data on porous coatings of this kind
is still hard to find but also because in addition to using a similar material this was also applied in a
similar configuration: instead of a porous coating applied over the cylinder the porous coating was part
of the cylinder itself, with the same external radius around all the bluff body perimeter (Klausmann
& Ruck [19] referred to it as “shape-integrated porous layer”).
An optimal drag reduction was obtained when the coating was applied on the leeward side of the
cylinder alone, while an increase in drag was observed for a full coating. Ruck et al. [12] also showed
how a decrease in the porous coating thickness induced results successively more similar to those
of a smooth cylinder. Klausmann & Ruck [19] later observed how the drag reduction for the leeward
coated cases was accompanied by a significant reduction of the pressure fluctuations, which the authors
associated to a “regularization” of the flow. According to Klausmann & Ruck [19] this decrease in drag
is in agreement with what had been predicted numerically by Bruneau & Mortazavi [15].
Sueki et al. [6] described how the application of porous coatings reduced the lift fluctuations and
noise and also attributed these effects to the decrease in wake instabilities. The decrease in lift fluctua-
tions is of special importance in noise suppression since both are related through Curle’s analogy [93].
The authors observed such correlation but did not, however, explain what mechanics of the near-wake
were being affected for these instabilities to decrease.
A similar result for the vorticity in the shear layer of another blunt body was also obtained by
Angland & Zhang [22]. In their numerical study Liu et al. [13] obtained a decrease in tonal noise
and base suction, with the fluctuations also being smaller (recall Naito & Fukagata [21]). The authors
also showed that the Strouhal number decreased with an increase in the porosity of the coating, and
produced a detailed velocity field of the cylinder wake with and without porous coating where it could
be seen how the application of the porous material regularized the flow at the same time it delayed
the vortex shedding downstream. Since an increase in the formation length should correlate with a
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decrease in vortex shedding frequency this is unexpected since some of the coatings actually increase
the Strouhal number.
Regarding the pressure distribution, Klausmann & Ruck observed that when a porous leeward was
applied, there was indeed an increase in base pressure, which should be the main cause of the decrease
in drag, but also evidence of the presence of the already referred entrainment layers injecting flow into
the low pressure region in the near wake
Fig. 2.25: Pressure distributions with and without leeward porous coating. [19]
Velocity measurements showed the coating to increase the wake thicknes and consequently the
distance between parallel shear layers d′ described in the literature [9, 41]. However since the authors
did not evaluate the circulation in the near wake as performed by Bloor & Gerrard [41] it is not possible
to infer how such coatings affect the vorticity supply mechanism. This relation constitutes an aspect
in need of further development and is of course a point of interest in the project here described.
Regarding numerical studies, Bruneau & Mortazavi [14, 15] tried different approaches such as re-
ducing the porous layer over the cylinder to a boundary condition and the coupling of Darcy, Brinkman,
and Navier-Stokes equations. Pier [94] analysed the problem from a spectral point of view when mod-
elling the periodical wake, and more recently Naito & Fukagata [21] compared computational fluid
dynamics (CFD) results with PIV, analysing the different components of drag in a cylinder covered
in a porous material (Naito & Fukagata [21] identified pressure, friction, and foam drag) and also how
the vortex shedding is disrupted.
Sobera et al. [76] performed a numerical analysis on the subcritical flow over a cylinder coated
in a porous layer and concluded that the velocity distribution in the entrainment layer reflected the
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periodic nature of the flow (having the same Strouhal number as the vortex shedding), showing that
the entrainment layers were laminar and subject to the flow fluctuations as well.
Surface roughness
The study of roughness coatings on bluff bodies finds a niche application in wind tunnel testing, where
surface roughness is often used to reproduce the Reynolds in presence for the sake of similarity in
rounded structures such as cooling towers [95]. The presence of a rough surface will trigger a turbulent
transition, allowing to replicate in a smaller scale the same flow mechanics of larger structures where
the flow could not be laminar.
Regarding the study of roughness effects on bluff body flows, Gu¨ven et al. [39] mention the works
of Fage & Warsap [79], Achenbach [37, 38] and Szechenyi [96], but refer how except in Achenbach’s
work no relation between roughness and boundary layer properties was established.
In order to study both the pressure distribution over a rough cylinder and the boundary layer
over it Achenbach [38] used a complete rig (Figure 2.26), measuring both pressure and skin friction.
Drag was obtained by integrating the pressure distribution over the cylinder surface, as performed by
Szepessy & Bearman [60]. Achenbach & Heinecke [73] concluded that after the subcritical regime the
turbulent boundary layer triggered by the coating transferred a higher amount of energy to the shear
layer over the surface, which delayed its detachment. A similar study on the pressure distribution is
owed to Nakamura & Tomonari [97], who measured the pressure distribution around a cylinder with
different surface roughnesses.
Fig. 2.26: Skin friction probe detail. [38]
Gu¨ven et al. [39] performed a set of tests resorting to different sand papers, each with a different
roughness. Measurements included surface pressure and boundary layer measurements, performed at
2.2 Vortex Control 35
different speeds and location. The authors collected drag coefficient results from other references and
compared them with their own producing a remarkable review on the subject [39], noting how some
of the differences in literature results could unfortunately be traced back to experimental factors such
as turbulence levels, wind tunnel configurations, and model installations.
The authors concluded nonetheless that results appear to suggest that if the Reynolds number
and the hydrodynamic roughness height/diameter ratio ks/d were made high enough then the drag
coefficient became independent from both. In other words, for a cylinder with a roughness small enough
at a Reynolds number high enough for it to cross the critical transition the drag will not be sensitive
to a change in neither of these parameters. This is in accordance with what would be expected from
Williamson’s description of the vortex regimes in terms of Reynolds number. [23]
Although the gathered data presented by Gu¨ven et al. [39] hints at an increase in CD at higher
Reynolds numbers (2 × 105 to 107) it can be observed that cylinders with roughness coatings showed
drag coefficients below the 1.2 threshold in the subcritical regime. This must necessarily be associated
with a change in base pressure. Gu¨ven et al. [39] do not dwell into the vortex shedding frequency, but
should it not correlate with CD (for example, by not maintaining the same value for StCD mentioned
by Bearman [54]) then the new scaling to be developed must be able to reconcile both trends.
Fig. 2.27: Pressure coefficients with and without rough coatings in the literature. [39]
Results for the pressure distributions showed a correlation between base pressure and drag [39],
which is only understandable since the pressure drag is strongly related to the suction in the cylinder
leeward. Gu¨ven et al. [39] suggest the use of the point of minimum pressure coefficient (Cpm) as a
rough estimate of the separation position. Gu¨ven et al. [39] concluded their analysis on the effect of
roughness coatings on pressure distributions by introducing the Cpb − Cpm parameter. According to
these authors, the difference between base and minimum pressure is not only a good indicator of the
boundary layer characteristics at the moment of detachment, but also virtually independent from wind
tunnel blockage effects [39].
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Fig. 2.28: Variation of Cpb − Cpm with Reynolds number. [39]
2.3 Objectives
As has been shown the literature on the effect of porous and rough coatings on flows around bluff bodies
is extensive, with special attention to the application of metal foams and other porous coatings for
suppressing vortex noise. An understanding of the effect of these coatings on the near-wake phenomena,
however, appears to be missing, as studies focus on drag or vortex shedding frequency rather than the
vortex formation mechanism itself.
This becomes all the more evident when the value of the vortex strength is considered, since not
only its estimation is complex in itself, but also includes the estimation of the vorticity losses described
by ǫ which remains elusive.
Even with the collapse of some of the vortex shedding parameters provided by some scaling propos-
als, such as the one by Bearman [54], a more complete description of the effect of porous coatings in
general is still missing. This concerns first and foremost the effect of these in the near-wake formation
mechanism described by Gerrard [45], but also on the vortex strength predicted by Bloor & Gerrard
[41] or Roshko [9].
Previous research has consistently identified porous materials as capable of decreasing the noise
being produced, and concluded that these effects were obtained by suppressing “wake instabilities”.
How this change is achieved is unclear, as it is still unknown whether this decrease in vortex instabilities
is caused by an increase in formation length or something else entirely. In addition, it is also unclear
from the literature how this change in formation length can be reconciled with the obtained vortex
shedding frequencies.
As indicated by Roshko, a complete theory of vortex shedding can only be produced once the
essentially non-steady processes in the formation region are understood [36]. Perhaps the effect of
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porous coatings can also only be described if the same near wake approach is directed towards their
application: this constitutes the hypothesis of the present thesis.
In order to solve this problem a new state-space approach to describe vortex shedding should
be attempted, if possible in terms of vortex relative speeds. The last step will then be to analyse
the relation between drag and vortex shedding frequency in this state-space, using the works of von
Ka´rma´n [31] and Bearman [54] as reference. The objectives of this thesis can therefore be summarized
as follows:
(i) A state-space approach on vortex shedding - As has previously been mentioned the analysis
of the effects of porous coatings on vortex shedding tends to either focus on aerodynamic noise
or vortex shedding frequency or on the drag and surface pressure over the bluff body. It should
be possible to relate and describe these parameters as a whole by characterizing the near wake
as a distribution of state-spaces given by the combination of the vortex parameters active in the
formation region.
A state-space description of vortex shedding given by a combination of well-known parameters,
such as base pressure and vorticity ratio acting at the near wake, allows one to characterize vortex
wakes regardless of the shape of the cylinders - or, in this case, the coatings applied over their
surfaces. By resorting to wake mechanics outlined in the literature, but this time organized in
a state-space formulation it should be possible to explain how each combination of parameters
produces a different vortex shedding pattern, meaning that porous coatings can be studied in
parallel with the solid cylinder reference case with no need for specific scaling. This is of significant
importance, since in spite of the extensive work devoted to the canonical cylinder case [9, 31, 45,
54] no universal formulation has been produced that can be applied to porous coated cylinders.
(ii) Scaling method using vortex velocity components - Gerrard [45] clearly shows that after
the formation cut-off mechanism vortices are convected downstream with no additional vorticity
created. It would seem, therefore, that the vortex mechanism can be fully described if the vortices
are well known after formation.
Because the base pressure over the cylinder is directly related to the speed of the detaching shear
layer it is reasonable to admit that the formation process itself, namely the vorticity losses, can
be well defined by relating the resulting vortex relative speeds to the speed in the shear layer
detaching from the bluff body surface. If all the terms from the state-space description required
for the estimation of vortex shedding frequency (or spatial length scales along the wake which
derive from this) and vortex strength can be obtained from the wake velocity components then the
near-wake mechanisms can be well understood from the relations between shear layer, convection,
and rotation speeds.
(iii) Understand the relation between drag and vortex shedding frequency - The understand-
ing provided by the description of the near-wake mechanics can only be complete if the assumptions
made on this region are confirmed. Since evaluating them individually is impossible for the canon-
ical case a proxy solution was to replicate the experiments of other works such as Gerrard [45] or
Achenbach [38] and apply either sandpaper roughnesses with no entrainment layers or flat plates
in the near wake to alter the formation length. By comparing the obtained results with those of the
porous coatings it should be possible to understand which mechanics were affected in each case,
and differentiate otherwise identical results.
This decoupling between drag and Strouhal number will be attempted using the works by Bearman
[54] and Griffin [98] on Strouhal scalings as reference. From an engineering point of view the relation
between vortex shedding frequency and drag is of significant importance as it can describe the effect
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porous coatings have on vortex shedding regimes. The adopted methodology for this comparative
analysis is shown schematically in Figure 2.29.
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Fig. 2.29: The comparative analysis between surface roughness and porous coatings.
2.4 Methodology
In order to produce the state-space description of vortex shedding in bluff bodies a comparative analysis
of wake vortex features is performed for four different coating configurations, with a solid cylinder being
adopted as control and validation case to understand the basics of the phenomena.
These four different coating configurations were designed so as to evaluate the different ways in
which porous materials affect flows around bluff bodies. Each one of them covered different sections of
the cylinder surface, triggering different changes in the flow and decoupling parameters such as base
pressure and vortex shedding frequency.
The experimental campaign was organized to include all three objectives as shown in Figure 2.30.
In order for results to be compared, an appropriate scaling had to be developed which could be
applied to all cases. An initial set of parameters was therefore chosen based on the works of Roshko
[9], Gerrard [45], Bloor [44] and Bearman [54]. In this body of works a set of equations was outlined
to predict the strength of the vortices being shed, and therefore the terms in these formulae were
considered as the starting point for our analysis. As shown on the left these parameters consisted
of (a) vortex shedding frequency, (b) formation Length, (c) wake thickness, (d) vortex strength, (e)
vorticity ratio and (f) base pressure. For the state-space to be self-sufficient at least one parameter
has to be derived from the remainder. In order to do so results for the base pressure parameter k were
represented as a function of the remaining state space variables in the form k = f(St, lf , d
′, Γ, ǫ).
The next step was to describe these equations in terms of the vortex relative velocity components
in the wake. This is accomplished by relating the results for the state-space distribution with the
phase-average wake velocity distribution, which provides the vortex relative speed. By relating each
parameter to the vortex relative speed the original state-space could be reduced from six to four
variables, therefore simplifying k = f(St, lf , d
′, Γ, ǫ) to St = f(uv, uθ, us).
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Fig. 2.30: Experimental campaign flow chart.
Results for a fully coated cylinder are also compared with standard rough coatings to understand
how different from existing solutions the metallic foams really are. The experiment by Gerrard [45],
using a cylinder in tandem with a flat plate, was replicated to identify the influence of porous materials
on the formation length. Between the fully coated configuration, the sandpaper, and the flat plate
cylinder combination, every pair now had one of two parameters (vortex shedding frequency and drag)
in common, which meant it was possible to isolate these and trace the effect of porous coatings on
both to the detaching shear layers.
2.5 Outline of the thesis
The present document describes the research carried out during the PhD, with the special emphasis
on the analysis of results for the parameters selected to produce the state-space description of vortex
shedding.
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As indicated in Figure 2.31 a comprehensive review of the literature on the subject is presented in
Chapter 2, where previous analysis on vortex shedding are described and the main points of interest
defined. Throughout Chapter 2 both methodologies and theoretical backgrounds of previous analysis
are described, so that in chapter 3 the parameters which must be understood and analyzed to produce
the intended state-space description can be introduced.
Fig. 2.31: Flow chart schematics of this thesis outline.
The developed experimental campaign, based on these parameters, is described in chapter 4, where
the parameters to be measured by each method are schematized. This description includes not only the
instrumentation and methodologies in use but also the different test cases, each specifically designed to
compare and contrast different aspects of the application of porous coatings in vortex shedding behind
bluf bodies. An analysis on the uncertainty and experimental error of instruments used is also included
in chapter 4.
The methodologies defined in chapter 4 were first applied on the standard case of a solid cylinder in
order to, on one hand validate the instrumentation at use, and on the other hand establish a baseline
case against which results with porous coatings or splitter plates were compared.
Once the instrumentation and methodology were validated for the solid cylinder case, these were
applied on the set of four different coating configurations described in chapter 4. Results for each
measured parameter are described and analyzed in chapter 5. The analysis in chapter 5 is focused not
so much on the state-space description, but rather on attaining an understanding of the effect of porous
coatings over cylinder surfaces on vortex shedding characteristics. Based on the results in chapter 4
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conclusions are drawn on how these parameters relate to each other, but these are explored in greater
detail when the state-space formulation is described in chapter 8.
Additional experiments were performed, namely on configurations with varying radius (obtained
by removing the foam sections from those initially produced) and using a solid cylinder in tandem with
a flat plate located in its wake This experiment is in everything similar to that performed by Gerrard
[45], except in this case the original experiment was complemented with the measurement of drag and
vortex shedding frequency on a rough cylinder, as described in section 2.4.
Results for all cases are compared in chapter 8, where the state-space description is first tested and
its results evaluated. The three different approaches indicated in Figure 2.30 are tested and developed
in the following order: (i) Results for all six parameters (base pressure, vortex shedding frequency,
formation length, wake thickness, vortex strength and vorticity ratio) are mapped onto a state space,
with each configuration filling in a different place. This allowed to test whether the approach was sound
and differentiated the different mechanics in presence. (ii) Once the state-space is proven to charac-
terize each configuration and the relations between all vortex shedding parameters, the an attempt
is performed at simplifying the state-space into four parameters only, these being the three velocity
components in the wake, and he fourth the vortex shedding frequency. (iii) Finally, the state space
description is well known, results for the additional experiments allow us to characterize the relation
between vortex shedding frequency, formation length, and drag.
Conclusions are drawn in the final chapter, reflecting the work undertaken, how it relates to existing
literature, and giving clear indications of the work that should follow. These include general remarks
not only on how the state-space description compares with pre-existing scaling but also on how metal
foam coatings compare to other applications such as sandpaper or tripwires.

3Selection of near-wake parameters for state-space approach
Having reviewed the previous literature on vortex shedding in bluff bodies in chapter 2 and identified
the main issues found (lack of unifying scaling, no explicit relation between formation length, base
pressure and shedding frequency), the next step is to decide which parameters to study and how to
do it. The objective of the present chapter is neither to continue the literature review or introduce
new concepts, but rather to build on the theoretical background presented in chapter 2 and establish
as a starting point the parameters which will constitute the building blocks of the vortex shedding
description here presented.
Te selection of such parameter is not, of course, a simple task. For one, vortex shedding in bluff
bodies is intrinsically related to the velocities considered; on the other hand, it is usually tempting to
focus the analysis on the phenomenon’s most remarkable characteristic: its periodicity. If one thinks
this way the logical step is therefore to focus on the vortex shedding frequency (which is to say, the
Strouhal number).
In the domain of aerodynamic applications drag is often the main constraint, either when it needs
be decreased or increased. If the onus of the research is placed on the aerodynamic forces applied on
the bluff body the analysis usually resorts to describing drag as a function of Reynolds number, the
identification of the subcritical plateau, and how the obtained values reflect experimental factors such
as blockage effects, aspect ratio or turbulence intensity.
Both approaches proved fertile over time when it comes to producing literature, but if vortex
strength is added to the target list one would find, unsurprisingly given the complexity of the phe-
nomenon, that a literature review on the subject shrinks considerably. If porosity and surface roughness
are included, works become even sparser, with a broader analysis on vortex shedding with and without
porous coatings still missing.
It has been observed that vortex shedding is too complex and sensitive a phenomenon to be accu-
rately condensed into one parameter only, as evidenced by Gerrard [45] rebuffing Roshko’s universal
Strouhal number [36] or Bloor & Gerrard [41] proposing ǫ to be a quarter of the commonly accepted
values.
The fact that most of the parameters which define it are interrelated makes the phenomenon
particularly complex when it comes to characterization: two different cylinders at different speeds
will present different vortex shedding frequencies. Both quantities can be normalized, but still a solid
cylinder at a Reynolds number of 103 will shed vortices at a Strouhal number similar to that of another
at a Reynolds number of 4×103, even if both have the same diameter [1]. The difference between both
must then be related to what happens immediately after the cylinder leeward side, and even if this
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difference is attributed to what was happening directly over the cylinder surfaces that would merely
move the argument upstream, and to a domain harder both to measure and model. It means, therefore,
that whatever truly characterizes vortex shedding lies in the moment at which vortices are formed:
it is in Gerrard’s [45] cut off mechanism that reside the properties which quintessentially define how
vortices will be shed: how fast, how strong, how big.
It is known that vortex strength increases with speed [41, 45] and base pressure parameter, as
described by Roshko’s equation [9], but decrease with vortex shedding frequency. Since this last pa-
rameter increases with speed it can already be understood how some of the relations will be hard to
reconcile. Still regarding frequency, it is unclear whether this will also depend on the distance between
shear layers (Roshko’s d′ [9]) as this influences both vortex size and the base pressure coefficient Cps.
It has been shown, therefore, that a characterization of vortex shedding from a solid cylinder
requires information on vortex shedding frequency, vortex strength, distance between shear layers, and
base pressure at least.
Porous coatings render the problem yet more complex. Given the presence of entrainment layers the
distance between ejected shear layers is now even harder to obtain and one must resort to detachment
points: meaning the pressure distribution over the cylinder will also be required.
However this is still not enough, since as described by Gerrard [45] different turbulence intensities
in the shed shear layers will affect the formation length, its inverse relation with shedding frequency
[9] now in question as the streamline theory may no longer be sufficient.
The vorticity ratio ǫ can take virtually any value depending on the turbulence intensity acquired
by the flow while going through the porous coating, and therefore it will take all parameters mentioned
so far to accurately describe the vorticity cut off mechanism in coated cylinders.
A true understanding of vortex shedding can therefore only be understood if research is focused on
the formation region: according to Zdravkovich [42], Gerrard [45] postulated four parameters on which
vortex shedding at high Reynolds numbers depended. These were the distance between detaching
shear layers, the strength of the vortex once fully grown, the thickness of the free shear layers, and the
entrainment into the near-wake.
A different approach is here attempted, by describing the vortex shedding process as a state space of
parameters which includes the vortex strength Γ , vorticity ratio ǫ, formation length lf , wake thickness
d′, base pressure parameter k, and vortex shedding frequency f in order to characterize vortex shedding
for both solid and coated cylinders alike.
3.1 Parameters in Analysis
3.1.1 Formation length lf
The formation length, as described by Gerrard [45] is the distance from the cylinder at which the
vortices can be considered to be fully developed: at this point the vortex strength is expected to reach
its maximum along the wake [41, 51], and the vortex is convected downstream. The identification of
the formation length can be made in one of the four ways referred in the previous chapter and its
variation with different speeds and coatings yields information on how the near wake mechanics have
been affected.
Gerrard [45] demonstrated how an increase in vortex shedding frequency f is associated to a
decrease in the formation length. If one visualizes the two shear layers being ejected, it indeed makes
sense to conclude that if the cut-off occurs closer to the windward side of the body then both ejected
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shear layers will have covered a smaller distance before the vorticity cancelation, and therefore will be
ejected at a higher frequency.
Fig. 3.1: Formation region schematics. [45]
In the same way, Gerrard [45] pointed out himself that in the absence of near wake stabilizers
the formation length and the distance between the ejected shear layers would be good parameters to
describe the near wake mechanics, in the same way it is being attempted here. Figure 3.1 illustrates
how Gerrard described the different internal flows in the formation region: convection a, entrainment
from opposite shear layer b (which will from now on be referred as counter-flow, so not to be confused
with the entrainment layers in the porous coating) and reverse flow c.
According to Gerrard the formation length is determined by the balance between counter flow
vorticity and replinishing reverse flow [45], which appears to be drawn into the near wake by the
negative pressure in the leeward and therefore must relate to the base suction (a dependence hinted
at by Bloor [44]). Gerrard [45] showed that while the convected flow a did not vary significantly with
Reynolds, the counter vorticity b will depend on the length of the turbulent shear layer, and increase
or decrease in the inverse of c: as the Reynolds number is increased the counter vorticity will impact
earlier on the opposite shear layer, and less flow recirculates, explaining how an increase in velocity
results in an increase of the vortex shedding frequency.
As more of the counter-vorticity cancels the opposite shear layer vorticity the vortex will then lose
strength [45] (ǫ decreases), inversely relating vortex strength with formation length. If one recalls that
the higher the base suction the shorter the formation region it can be observed how in Roshko’s vortex
strength equation increasing k indeed increases Γ . [9]
If porous coatings are applied in the leeward the generated entrainment layers coming from these
into the near wake must decrease the reverse flow c and increase the formation region length. Moreover,
since the shear layers are detaching later on over the cylinder surface the distance between them will
be shorter, which in turn suggests an increase in vortex shedding frequency regardless of the Reynolds
number. The application of porous coatings, especially highly permeable ones such as metallic foams,
renders many of the considerations found in the literature unusable, and therefore requires one to know
the distance between shear layers defining the wake thickness.
3.1.2 Wake thickness d′
It is known from fluid mechanics that at the location where a fluid detaches from a surface there are
no shear-stresses, which means
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Therefore the skin friction vanishes at the separation point [57]. By measuring this parameter
Achenbach showed the separation point to move further upstream (that is, closer to the stagnation
point) as the velocity was increased in the subcritical regime (Figure 2.11).
The same author performed a similar analysis on cylinders coated with rough surfaces, and compar-
ison between both results [38, 57] showed that in the subcritical regimes there was no significant change
in the separation position. It must be noted that such studies at the time were performed with rough
(not porous) surfaces, and thus the boundary layer which was laminar at that point simply remained
laminar over the coating and detached later on [73], still laminar, with no change in vortex shedding
regime. Unfortunately no data was found on a development of such mechanics, but since in the present
thesis we are concerned with porous coatings, attention was rather focused on the detachment of the
entrainment layers flowing through the metallic foam (recall the “eﬄux” described by Galbraith [87]).
It has been shown that a momentum balance of a rectangular box with height L containing the
cylinder can be brought to [35, 99]∑
F
= ρ [(L− d′)U∞ + d′Us]− ρLU∞ (3.2)
Where d refers to the cylinder diameter and d′ to the distance between ejected shear layers once
stabilized (note that this is not necessarily the distance between them at ejection). If the sum of all
forces applied on the body in the x direction is simply referred to as the drag D and normalizing all
quantities the previous equation can be simplified as
D = ρd′ (Us − U∞)
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This approach, based on the momentum balance by Eppler [99], was illustrated by Roshko in
Figure 3.2.
Gerrard [45] mentions how for a given cylinder increasing the Reynolds number leads to less reverse
flow filling the low pressure region and the formation length decreasing in length; Because as the flow
speed is increased the wake thickness will tend to decrease the ejected shear layers are expected to be
brought closer together [45] and their interaction (including the cut-off) is facilitated. This is the basis
of the wake width cross feeding system which keeps the Strouhal number constant throughout most of
the subcritical regime. [45]
If we go back to Figure 3.1 it is fairly straightforward that shear layers closer to each other will
exchange higher rates of counter flow (decreasing ǫ) theoretically decreasing the formation length lf ,
and per consequence increasing the vortex shedding frequency f . Interesting to note is the pattern that
begins to surface, of weaker vortices being associated with lower shedding frequencies, a phenomenon
described by Roshko [9].
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Fig. 3.2: Free-streamline model for relating base pressure to wake width. [35]
If one considers a flat plate in opposition to a cylinder or an airfoil it can be observed how the
more streamlined the body the closer the shear layers on both sides will be ejected, illustrating how
this distance could, according to Roshko, be a measure of the the “bluffness” of the body [9]. The
same author associated this bluffness effect with the base pressure caused by the great divergence of
the flow, which in turn can also be evaluated through the base pressure parameter k. [36]
For cylinders with porous coatings it becomes especially difficult to accurately identify where the
shear layers will be located (distance d′), and what dimension to consider as body diameter d. However,
by recurring to Equation 3.3 the wake thickness d′ can still be estimated for the case of a porous coated
cylinder provided the total drag and base pressure are known by doing
d′ =
D
1
2
ρU2
∞
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(3.4)
3.1.3 Base pressure parameter k
When studying the development of the base pressure parameter k one can think of it first and foremost
(as done by Roshko [36]) as a sub-product of the wake generation induced by the presence of the bluff
body. This being said, it is expected that such a parameter has a continuous contribution to the flow,
and a possible influence on the vortex shedding phenomena comes across as counter-intuitive.
It is known, however, that the base pressure is in fact one of the most sensitive parameters regarding
wake instabilities [23], and to understand how the negative pressure on the cylinder surface influences
the shedding of vortical structures one must again refer to Gerrard’s description (Figure 3.1).
The base pressure parameter determines how much of the flow will enter the near wake in reverse,
meaning more of the shear layer will act as counter flow [45]. Which is to say that in the same way
that the counter flow b is responsible for ǫ (or, more correctly, 1 − ǫ), the reverse flow c constitutes
the seed of what will become the vortex shed on that side of the cylinder, correlating the reverse flow
c with the vortex strength Γ . Because there will only be as much reverse flow as the base suction is
able to attract, the base pressure parameter k will correlate with the vortex strength Γ , as indicated
by Roshko’s circulation equation.
It is tempting, at this point, to go one step further and suggest that given the described relation
bluffer bodies will necessarily shed stronger vortices. Roshko is very weary of such a conclusion himself
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[36], since two given bodies, one more streamlined than the other, may still eject vortices just as
strong. As pointed out by Roshko [36] and posteriorly described by Williamson [23] different cylinders
may present the same base pressure coefficient Cps (and therefore the same k) which mean k can be
decoupled from a point of view of vortex shedding regimes.
Given the high permeability of the metallic foam in analysis it is assumed that the pressure applied
on the foam walls is not significant. Although the most evident consequence has to do with drag across
the entrainment layers, it is also relevant from the point of view of base pressure, since it can be
assumed that after the detachment the negative pressure over the cylinder at θ = 180◦ is the static
pressure under the coating layer (negligible pressure loss from A to B in Figure 3.3).
Fig. 3.3: Schematics of the base pressure coefficient on a coated cylinder
Because porous coatings in the cylinder leeward induce the generation of entrainment layers flowing
through the foam the low pressure region is, as explained before, expected to be filled in this incoming
flow. It is here that the base pressure parameter k becomes interesting from an experimental point
of view in the study of passive flow control: if the leeward side of a cylinder is coated with a porous
coating with a thickness equal to approx. 25% then the base suction is expected to drop. This should
induce a decrease in the reverse flow which in turn means a decrease in vortex strength Γ . Similarly,
it can be assumed the two shear layers, after being trapped in the metal foam, will now be ejected
later on and therefore have their interaction “facilitated” [45]. This means a higher vortex shedding
frequency and a smaller formation length.
But here one must recall what Gerrard describes as the second mechanism in presence, the shear
layer diffusion [45]. Since the shear layers have now gone through the porous material their turbulence
intensity is increased, and are more diffuse [45]. More diffuse shear layers mean that it will take longer
for a critical mass of vorticity to be carried downstream, which in turns tends to increase the vortex
formation length, producing a stronger vortex even if the base parameter k had dropped. It is then
observed that porous coatings have the ability to mimic the diffusion-formation cross effect described
by Gerrard [45].
3.1.4 Vortex strength Γ
Going back to Figure 3.1 (Gerrard [45]) one can identify the counter-flow b as responsible for “setting”
the shedding frequency, while the reverse flow corresponds to how much of the shear layer vorticity
effectively curls backwards into producing a vortical structure of its own. In this sense, vortex strength
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depends first and foremost on the ammount of reverse flow: it matters therefore to analyze what
impacts on its magnitude.
Because the amount of flow which effectively reverts into the near wake as c is strongly dependent
on the base pressure drawing it backwards there is a strong correlation between the base suction and
the effective vortex strength. It would be expected that porous coatings decreased the vortex strength
if applied on the leeward side of the cylinder, since as the base pressure region is filled with entrainment
(non-reverse) flow the base suction drops, and the amount of flow in reverse c should be cut rather
drastically. Results showed this not always to be the case, which means one has to think in terms of
the whole formation region rather than simply the immediate wake: Bloor & Gerrard [41] demonstrate
how the distance between shear layers does not remain constant along the vortex trail (contrarily to
what had been suggested by Roshko [9, 50]), but rather decreasing as the more concentrated portions
of vorticity are drawn closer to the axis [41]. Such a mechanism would influence the total ammount of
vorticity found in the fully developed vortices in comparison to the total vorticity initially contained
in the shear layers both for solid and porous cylinders: in other words, the vorticity ratio ǫ.
3.1.5 Vorticity ratio ǫ
As it has been introduced in the previous chapter, the vorticity ratio ǫ is given by ǫ = Γ/Γ0 where ǫ
is the shed vortex strength and Γ0 the theoretical vorticity contained in the shear layer, given by
Γ =
1
2f
k2U −∞2 (3.5)
ǫ, however, constitutes the most complex parameter to study in this context: not only the literature
on its estimation is insufficient, but also there is no agreement on both its values (as seen in Chapter
2) and what mechanisms it includes.
While Bloor & Gerrard [41] attributed the reduction in circulation to the presence of counter-
flow and stated that the flow past the cylinder would act as driving force for vortices to be carried
downstream at the same time it injects its own counter-flow into the wake as well. Gerrard showed
that the vortex strength after shedding depends on the combination of counter flow and reverse flow:
the stronger the reverse flow the less vorticity is directed towards the opposite shear layer as counter
flow, and vice versa. Gerrard went on to demonstrate how the vorticity loss (1 − ǫ) varied with the
Reynolds number (Figure 3.4).
It is here interesting to point out how the two mechanics in near wake are once again present: an
increase in Reynolds number shrinks the formation region (decrease in base suction k), while at the
same time the turbulence will increase the diffusion. For this reason it can be observed that although
an increase in the Reynolds number increases the loss in vorticity (decreases ǫ) at low turbulence, if
the turbulence is made to increase the loss shrinks (ǫ increases), the diffusion length is increased and
stronger vortices are generated. The lack of results for Strouhal number St could either mean that no
change in vortex shedding frequency f was observed or there were simply no results for both cases.
[45] Unfortunately the author does not specify.
The vorticity ratio is therefore the outcome of a balance between reverse and counter-flow. However
its analysis becomes yet more complex when it is understood that this balance is dictated by the
opposing effects of formation and diffusion: For an increasing Reynolds number in a flow with low
turbulence the counter-flow will increase as the shear layers are drawn closer to each other. Throughout
this increase there is also an increase in lost vortex strength as the shear layer interaction is promoted
and the counter-flow b is made stronger. If a third plot with the values for k was added one would
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Fig. 3.4: Strouhal number, counter flow volume and vortex strength loss as a function of Reynolds
number for flows with different turbulence intensities. [45]
expected these to be shown to decrease. At some point around Re = 104, however, the amount of
lost vorticity begins to drop as the increase in Reynolds number has led the shear layers to become
more turbulent and the diffusion length to increase, propelling an increase in the formation length and
making it harder for the counter flow to reach the opposing layer (center plot) leading to a decrease
in the vorticity losses. It should be noted how although the Strouhal number begins to decrease well
before the counter flow and vorticity loss reach their peaks one can still identify the inverse relation,
referred by Roshko [9] and mentioned by Gerrard [45], between vortex strenth and shedding frequency.
Perhaps the most interesting point to be drawn from the difference between both lines is not the
fact that they do not match, but rather the fact that the high turbulence merely separates from its
low turbulence counterpart. It would seem therefore that if the free stream is made more turbulent
it will simply cause the cylinder to reach the turbulence intensity threshold earlier: all the remaining
correlations still stand, as the formation region mechanics remain the same.
Once again, in this aspect porous coatings are expected to act in two, conflicting ways: simulta-
neously increasing the diffusion length with the now more turbulent flow, and decreasing the base
pressure because of the injection of the entrainment layers into the cylinder base pressure region. This
corresponds to a mimicking of the balance process described by Gerrard [45].
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Fig. 3.5: Variation of Strouhal number with Reynolds for different turbulence intensities according to
Gerrard [45]. The high-turbulence curve was derived from Roshko [9] and the low-turbulence from a
previous paper by Gerrard [100].
3.1.6 Vortex shedding frequency f
Vortex shedding frequency is affected by all the previously referred parameters, and its analysis shows
it to be complex. Let us then go over how the shedding frequency relates to the three flows a b and c,
and outline how f will be affected by the porous coatings over the cylinder surface: Since the vorticity
being carried downstream a is constant with Reynolds number it seems plausible that it does not
interfere with the vortex shedding frequency; the reverse flow c will be responsible for the vortex
strength Γ , and finally b, the counter-flow, will be the one who plays the key role in affecting f : the
more counter-flow, the shorter the formation length and the higher the vortex shedding frequency.
When porous coatings are applied their effect is twofold: they will trigger the generation of an
entrainment layer which channels flow into the base pressure region and at the same time the metal foam
porous characteristics will likely make the eﬄux highly turbulent. This is again the same interaction
described in the previous section between formation and diffusion length.
3.2 Drag, vortex strength, and vorticity losses
The main parameters at play in vortex shedding have now been identified. The way in which these
relate to each other lays the ground for the study of the near-wake mechanics here being attempted:
on one hand we have the von Ka´rma´n’s vortex street. The ratio between vortex speed and incoming
flow speed can be given by any of the following relations:
u
U
= 1− fh
U
= 1− l
l0
= 1− Sh
D
(3.6)
The first relation is of special importance for the analysis here described since velocity data was
phase-averaged by subtracting local averages and therefore all vortices are condensed in one line only:
a result equivalent to making u/U = 1 which leads to h = 0 in von Ka´rma´n’s formulation as explained
by Zdravkovich [42]. According to von Ka´rma´n for a line of two staggered vortices the relative velocity
of the vortices is given by: [31]
u =
Γ
2l
tanh
πh
l
(3.7)
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On the other hand, from the streamline theory the relative speed of the detached shear layers is
given by us = kU∞, with k being given by the following equation, where Cpb is the base pressure
coefficient
k =
us
U∞
=
√
1− Cpb (3.8)
Wich means we now have two different theories which relate drag, vortex strength and base pressure
coefficient.
It seems that if the von Ka´rma´n drag equation is solved with the measured drag and a different
value for Γ is obtained then the difference in values should be the combination of viscous effects and
vorticity losses at formation. Because the viscous drag can be known by subtracting the integrated
pressure drag from the measured total drag it is possible to predict the amount of vorticity lost at
generation based on the measured drag.
3.3 Concluding remarks on near-wake parameters
Interest in the aforementioned formulations stems from the fact that these different formulations, even
though they all arise from the von Ka´rma´n model, deal with the problem in different ways: whether
it is by evaluating the circulation only from streamline theory (Roshko [9]), by computing the drag
per vortex pair ratio StCD (Bearman [54]), or by relating Strouhal and drag directly (Birkhoff [101])
struggle to cope with the curling up behaviour of the wake (increase in h), only described by Abernathy
& Kronauer [48].
Because the relation between drag and vortex strength by von Ka´rma´n does not include the for-
mation region it is worth comparing the measured vortex strength and drag and the values predicted
by his 1912 paper [31]. The two implications are:
(i) By comparing the obtained and predicted values for drag and vortex strength the vorticity losses
along the wake through viscous dissipation and entrainment can be estimated
(ii) Analysing the obtained and predicted values for h and l will allow to develop on the final shape of
the wake depending on boundary conditions such as turbulence intensity, especially important for
coating configurations.
4Data Acquisition and Post-Processing
4.1 Outline
The experimental campaign was designed considering the parameters identified in chapter 3, with
appropriate measuing methods selected for each aspect intended to measure. In addition, the measure-
ments had to be performed and organized in a way which allowed to compare and contrast how each
parameter varied in ac of the different applied coatings.
The outline of the Data acquisition process is therefore best described in the following three steps:
1. Selection of measurement methods for each wake parameter.
2. Design of coating configurations for the measurement of these wake parameters.
3. Outlining of additional experiments and allocation of measurement methods to each campaign.
All measurements here described were performed at the Aerodynamics wind tunnel of the EnFlo
Laboratory at the University of Surrey. This is a closed wind tunnel, with a working section of 1.1 ×
1.4 m × 9 m (width × height × length) and capable of tests up to 40 m/s. The model was placed
3 m downstream form the inlet of the test section, where according to wind tunnel specifications the
turbulence intensity of the flow entering the test section was measured to be 2%.
4.2 Selection of measurement methods and allocation to experimental
campaigns
4.2.1 Selection of measurement methods
The selection of the measurement method to use for each parameter is described next. The list and
descriptions include not only which method was opted but also the reason why when compared to its
alternatives.
1. Vortex Shedding frequency f : measuring the vortex shedding using the time signal of surface
pressure measurements was discarded as a viable option given the frequency response of the pressure
tubes (which were as long as 3 m). On the other hand, measuring the vortex shedding frequency
from the frequency of the drag oscillations measured using a strain gauge would require a more
complex rig, wile dealing with mechanical vibrations of the rig itself could prove especially difficult.
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For this reason, and in agreement with what can be found in the works by Bloor & Gerrard [41]
measured using a hot-wire probe placed in the cylinder near-wake. The higher sampling frequency
of the probe allowed to obtain an accurate measurement of the frequency at which vortices were
being shed with minimal flow disturbance.
2. Formation length lf : The formation length, as defined in the literature, can be defined as the
distance from the cylinder at which flow speed fluctuations u′/U reach a maximum. Since 1D hot-
wire probes are not sensitive to the orientation of the incoming flow but simply to its speed it was
decided to use Laser Doppler Anemometry (LDA) to find the point in the wake axis at which the
fluctuations of flow velocity u at a frequency equal to twice the vortex shedding frequency reached
a maximum.
3. Total drag CD: Total drag values were required to, on one hand, estimate the distance between
shear layers at detachment, and on the other hand to estimate the viscous and foam drag introduced
by the application of porous coatings over the cylinder surface. In order to obtain the value of the
total drag applied on the body by the incoming value was measured using two strain gauge load
cells placed at both ends off the model and connected to the end plates. These load cells were
dimensioned and built in-house, and both processes are described in the present chapter.
4. Surface pressure distribution: The surface pressure distribution, although not part of the state-
space description in its entirety, constitutes an important aspect to analyze in thee study of flows
around bluff-bodies, since it allows not only to identify points of interest such as stagnation and
separation points but also to extract the base pressure coefficient, required to estimate the base
pressure parameter, and estimate the pressure drag over the cylinder surface. In order to obtain the
pressure distribution over the cylinder surface the model was equipped with pressure taps around
its perimeter.
5. Base pressure parameter k: The base pressure constitutes an ubiquitous value in the estimation
of several parameters which impact on vortex shedding in bluff bodies. Given the relation k =√
1− Cps, the base pressure parameter was obtained from the base pressure coefficient, extracted
from the surface pressure distribution obtained with surface pressure tappings.
6. Shear layer distance at detachment d′: the distance between the detached shear layers, which
eventually defines the wake thickness immediately after the leeward side of the bluff body, is hard
accurately measure experimentally, since it is not easy to define their limits experimentally. Velocity
profiles produced using the LDA probe across the wake section showed just this, and therefore it
was decided to estimate the distance between shear layers in the near wake using the momentum
balance as illustrated by Roshko [9] (here described in chapter 3) This estimation was performed
using the total drag and base pressure measurements described above.
7. Pressure Drag CDp: The total force applied by the flow over the body through pressure alone
is identified as pressure drag. In order t obtain the pressure drag values for different coating
configurations, the pressure distribution (obtained from the surface pressure probes) was integrated
around over its surface in the flow direction (x).
8. Vortex strength Γ : Like shear layer distance at detachment, vortex strength is hard to measure
experimentally, and efforts are therefore usually diverted towards an indirect estimation through
wake velocity fluctuation values [41]. Given the emphasis of the project in describe the vortex
generation mechanism as a whole it was decided to obtain the strength of the shed vortices by
calculating their circulation in the phase-averaged velocity field downstream from the cylinder.
This phase-averaged velocity field was obtained from a profile of DA velocity measurements in
conjunction with a hot-wire probe which measured the vortex shedding frequency and acted as
reference timing signal.
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9. Vorticity ratio ǫ: The vorticity ratio, indicative of how much of the vorticity contained in the
detaching shear layer makes its way to the forming vortex was estimated by normalizing he vortex
strength Γ by its theoretical value as predicted by Roshko’s equation [9].
4.2.2 Allocation of measurements
These measurements were allocated to two different experimental campaigns: one aimed at evaluating
all six state-space description parameters for all coating configurations, and the other composed of
additional experiments performed in order to understand specifically how drag and vortex shedding
could be decoupled.
It should be understood that the rigs in use for the state-space tests and the additional experiments
are the same, the only difference being the models being tested. This means that the allocation of
measurement is independent of the wind tunnel installations.
This allocation of measurements is presented in the following table:
Table 4.1: Allocation of measurement methods per experimental campaign.
Experimental campaign
State-space
description
Additional
Experiments
Model installed
Coating
configurations
Cylinder in tandem
with flat plate
Non-uniform
radius cylinders
Vortex shedding frequency (hot-wire) × × ×
Formation length (LDA) ×
Surface pressure (pressure tapping) × ×
Vortex strength (LDA) ×
Drag measurement (load cells) × × ×
PIV imaging ×
4.3 Test configurations and model design
4.3.1 Test configurations
Metal foam coatings
Because one of the objectives of the project is to study the effect of partial coatings on bluff bodies
and how coating different areas of the cylinder surface affects different aspects of the flow a set of five
coating configurations was designed (Figure 4.1). A validation baseline case of a solid cylinder was
produced to work as control test.
Primarily the case of a fully coated cylinder was outlined. This of course corresponds to the
straightforward case where a solid cylinder as been fully covered with a metal foam coating (case
(c) in Figure 4.1), and makes it possible to analyze the direct impacts of a standard coating on vortex
shedding frequency, drag, and base pressure.
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However, the analysis here intended to produce is more complex than that, and therefore efforts were
directed towards designing coating configurations which affected different wake mechanisms, namely
formation length, or favored certain well known effects off porous coatings (such as increasing base
pressure) at the expense of others (such as increasing viscous drag).
Following this line of thought the next logical step was to design two configurations: one with its
leeward side coated with metal foam (case (a)) and other with its windward side coated (b). Since
metal foams and porous coatings in general are known to increase drag on the windward side of bluff
bodies while decreasing base pressure on their leeward sides [12], by testing two mirrored configurations
with windward and leeward coatings it was possible to analyze if such effects could be decoupled.
A fifth configuration was introduced based on some of the results found so far in the literature by
applying the porous coating over a 270◦ section on the cylinder surface which left the front quarter solid
to face the incoming flow. This configuration was expected to trigger the turbulent transition without
the viscous drag penalty in the windward side, improving the bluff body’s aerodynamic performance.
(a) (b) (d)(c)
Fig. 4.1: Configurations of porous coatings. (a), forward-facing; (b), rearward-facing; (c) 270◦ config-
uration, and (d) completely coated (flow direction is right to left).
Flat plate in tandem with cylinder and non-uniform radius cylinders
Additional tests were designed in order to cover aspects of vortex wake mechanisms which would have
not been addressed simply by the application of different porous coating configurations.
The first of such experiments consisted in replicating the cylinder in tandem with flat plate exper-
iment carried out by Gerrard [45], where a vertical flat plate was placed behind a cylinder exposed to
an incoming flow and then measuring the applied drag, along with the vortex shedding frequency. By
varying the distance from the cylinder leeward at which the plate is placed it is possible its effect on
the formation region, eventually identifying as the end of the formation region to location at which
the vortex shedding frequency is no longer affected by the presence of the flat plate [45].
Although Gerrard’s experiment is very intuitive and provides information on the formation region
which generates in he near-wake of a cylinder, it does not give us any information on how the applied
on the cylinder (that is, the drag) is affected by variations on this formation region. In order to do
so a variation of the original experiment was carried out where in addition to measuring the vortex
shedding frequency downstream from the flat plate the drag felt by the cylinder was equally measured.
By varying the location of the flat plate it was possible to analyze how variations of the formation
length impacted on the drag, thus relating this low speed region with the pressure drag exerted on the
leeward side of the bluff body.
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Since Gerrard’s experiment makes it possible to vary the Strouhal number with a certain margin, it
was decided to build on this experiment by introducing the following variant: in addition to measuring
the vortex shedding frequency and drag of a cylinder in tandem with a flat plate, a cylinder with
the same dimensions was coated in sandpaper and its roughness varied, so that for the same vortex
shedding frequency as that of the cylinder in tandem with a flat plate the drag could be compared,
and vice-versa. This corresponds to the test outlined in chapter 2, which allowed to decoupled drag
from vortex shedding frequency. The experiment is schematized in Figure 4.3.
(a) (b)
x
Fig. 4.2: Test cases for decoupling experiment. (a) Solid cylinder in tandem with flat plate; (b) Cylinder
coated with sandpaper (flow direction is right to left).
The second additional experiment was that of two cylinders with non-uniform radius. In this ex-
periment two different configurations were compared, one corresponding to the windward coating
configuration with the coating removed, and the other to its leeward counterpart.
These two tests were required to explain how the presence of the metallic foam was indeed impacting
on the wake generation mechanism, with its porosity and roughness, rather than simply operating
through the step in radius it induced on the original configuration 90◦ from the stagnation point.
Measurements included most of the parameters measured for the coating configurations, with em-
phasis on surface parameters such as pressure coefficient distribution and drag, and results were com-
pared against their coating configuration counterparts. The models are schematized in Figure 4.3.
(a) (b)
Fig. 4.3: Non-uniform radius configurations. (a), forward-facing; (b), rearward-facing (flow direction is
right to left).
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4.3.2 Model design
The design of the test model obeyed three initial project requirements: It should be possible to install
the model in the acoustically isolated wind tunnel in the EnFlo laboratory at the University of Surrey;
the aspect ratio should be large enough for two-dimensional flow to be considered at its midspan; and,
since the project concerns not only the use of metal foam as a porous coating for flow and noise control
but also its application as a means of studying the complex phenomenon of vortex shedding a number
of different coating configurations should be assembled with minimal effect on the external diameter.
The solution was the modular configuration shown in Figure 4.4.
External smooth surface
(solid external diameter)
Internal pipe
(for structural integrity)
Test section
(with pressure taps)
Holding ring
External foam coating
(metal foam external diameter)
Fig. 4.4: Schematic view of the test model
Since there was pre-existing test data for coated 44 mm diameter cylinders at the EnFlo laboratory
it was decided to keep the model diameter as close to this as possible so that data could still be
compared. In these experiments the coating thickness was 15% of the diameter, 6.6 mm. The main
restriction was then the acoustically isolated wind tunnel test section dimensions.
As the test section width was of 430 mm the first step was to compare the equivalent aspect ratio
to the ones referred in previous literature [2, 11, 32, 60]. Szepessy & Bearman [60] found that for
aspect ratios above L/d = 6 (L being the cylinder span and d the cylinder diameter) the amplitude of
the lift fluctuations was constant, which indicated the basis for two-dimensional flow at its midspan.
Ali et al. [89] quote Fox & West [102] with indicating 7 as the minimum aspect ratio for flow to be
considered two-dimensional at the cylinder midspan. With a porous coating of 6.6 mm thickness the
total diameter becomes 57.2 mm, which means an aspect ratio of approximately 7.52 in agreement
with both references.
Due to manufacturing constraints the core cylinder was produced from a standard 22.22 mm di-
ameter pipe which set the radius for the model core. The foam thickness was increased to 25% of the
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external radius, and for manufacturing purposes eventually set as 6.36 mm (22.25% of the total radius
57.16 mm) which meant an aspect ratio of approximately 7.53, still in compliance with the literature.
The metal foam in use was composed of aluminium with 10 PPI (pores per inch) and had a porosity
of 97% for a permeability of 1.72× 10−7 D (darcy).1
The section and span being defined it was necessary to design the model so that it was possible
to measure the pressure at different positions and under the porous coating. Previous studies have
analysed the effect of rough surfaces on the pressure distribution around cylinders immersed in flow
[38, 97], but the study of how the entrainment layer influences the pressure distribution is more complex,
since it requires the pressure to be measured at the solid surface beneath the porous coating. Pressure
taps were flushed on the core cylinder surface and installing the porous material over these carefully
enough so that none of the cell walls was covering any of the measuring orifices.
The test cylinder had to be composed of a modular solution so that different coating configurations
could be tested without that requiring different test cylinders as found in previous literature [12]. The
solution was to produce a set of quarter pipe sections which were connected by magnets to two core
cylinders to give the desired external diameter (57.16 mm). Since the objective is to study partial
coatings these would have to be of two kinds: solid and covered in metal foam. A set of section views
of the cylinder test model is shown in Figure 4.5 (considering horizontal flow).
(a) Section view of the model at
the both ends.
(b) Section view of the model at
midspan.
(c) Model pressure tappings at
midspan.
Fig. 4.5: Section views of the cylinder test model.
1 The darcy unit (D), although not being an SI unit, is widely used in the study of fluid dynamics in porous
media. The darcy (≈ 9.869233 × 10−3 m2]) represents the ability of fluids to flow through a given porous
media and is defined using Darcy’s law (named after Henry Darcy, the unit’s namesake) which is given by
Q =
Ak∆P
µ∆x
(4.1)
Where Q is the flow rate through the porous medium, A is the cross sectional area, k the permeability of
the medium, µ the dynamic viscosity, ∆P the pressure difference between both ends of the section, and ∆x
the length of the section. This means that a porous media with a permeability of 1 D allows a flow with a
viscosity of 1 mPa×s to flow of 1 cm3/s under a pressure gradient of 1 atm/cm for a cross sectional area of
1 cm2. Darcy’s equation was here included for coherence only, and k will always indicate the base pressure
coefficient in the document.
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Because each of the pressure tapping orifices had to be connected to a 0.8 mm diameter tubing with
walls 0.5 mm thick linked to its pressure transducer this inner cylinder (center circle in Figure 4.5a)
had to be divided in two parts spanning 184.5 mm. At midspan a set of adapted quarter pipe sections
come together, each of them with five equally spaced orifices for pressure measurements (made evident
in Figure 4.5c). A final longitudinal section view of the modular solution is shown in Figure 4.6, and
the model position in respect to end plate borders can be seen in Figure 4.8.
3
184.555184.5
10
Fig. 4.6: Longitudinal section view of the test model
In order for LDA and PIV to be performed one of the end plates was made of perspex, allowing
laser beams to reach the flow when performing Laser Doppler Anemometry (LDA) and the particle
distribution to be visible when performing (Particle Image Velocimetry) PIV, while all the other
surfaces were covered in black to prevent reflection. To assure that the flow at the cylinder midspan
was two-dimensional the end plates were designed following the results by Szepessy & Bearman [60]
The design of the new rig followed the works on end plate size by Szepessy & Bearman [60] (longer
than 7 diameters along their dimension aligned with the flow and 7 diameters across); the perspex end
plate was 100 mm thick, while the black wooden end plate was 20 mm thick.
Rig schematics are presented in (Figure 4.7).
4.4 Measurement Techniques
4.4.1 Vortex Shedding Frequency Measurements
Vortex shedding frequency measurements were performed using a hot-wire probe placed on the wake
boundary 4 diameters downstream from the cylinder. The hot-wire probe was held tilted at an angle
of 9◦ towards the flow.
The probe in use was a Dantec Dynamics hot-wire probe 55P011 and its characteristics are described
in appendix. The hot-wire set up is represented in Figure 4.8.
The vortex shedding frequency was retrieved from the spectra of the obtained data. All results
pertaining power spectral densities were obtained through the the Fast Fourier Transform (FFT)
function built-in in MatLab which performs the discrete operation: [103]
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Fig. 4.7: Schematic views of the vertical endplate assembly (a) 3D view (b) Longitudinal view.
Y (k) =
n∑
j=1
X (j)W (j−1)(k−1)n , Wn = e
−2pii/n (4.2)
Uncertainty estimation
All hot-wire measurements were performed using a Dantec Dynamics hot-wire probe 55P011.
The resistance of the remaining system was measured using a Dantec Dynamics shorting probe
55H30, and was found to be of 0.2 Ω.
The hot-wire probe characteristics are listed in the following table:
Sensor resistance at 20◦ R20=3.40 Ω
Leads resistance RL=0.5 Ω
Sensor TCR α20=0.36% /
◦c
The total resistance of the probe was measured to be 0.40 Ω, and the maximum hot-wire temper-
ature, according to the manufacturer, is of 300◦.
The overheat ratio in use was 0.75, with a ×12 gain applied on the signal from the probe. The
sampling rate was of 10kHz, well above both the Nyquist frequency or its first harmonic. According
to lab specs the uncertainty of this probe is within 1% full scale.
Since all results from hot-wire measurements were analyzed in frequency rather than measured
values was no need for speed calibration. The use of such probes was validated by the good resolution
at vortex speed frequencies for all performed prior to experimental campaign.
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Fig. 4.8: Hot-wire set up - underline dimensions indicate real dimensions (not to scale).
4.4.2 Surface Pressure Measurements
The modular solution was equipped with a set of surface pressure taps with which the pressure was
measured over the cylinder perimeter as performed by Szepessy & Bearman [60]. Two iterations were
produced, an initial one with twenty points distributed over the cylinder’s circumference which allowed
to performed pressure measurements over the whole perimeter during each experiment, and a finer mesh
of twenty points per half. Both configurations are represented in Figure 4.9:
6x 15 
(a) Test section with five pressure measuring taps.
9x 9 
4
(b) Test section with ten pressure measuring taps.
Fig. 4.9: Quarter cylinder test sections for pressure measurements
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All 20 pressure taps being linked via plastic tubes 2.5 m long and with 0.8 and 1.2 mm internal and
external diameter to a dedicated, in-house built, 21 channel data acquisition unit (20 pressure taps +
1 reference pressure signal) as presented in Figure 4.10.
21
Channel
DAQ
21 pressure
transducers
Fig. 4.10: Surface pressure acquisition system.
The resulting data was then converted into pressure and force distributions through a dedicated
MatLab routine which calculated the total lift and pressure drag through the integration described by
Szepessy & Bearman [60]:
CL (t) =
1
2
∫ 2pi
0
Cp (ϕ, t) sinϕdϕ (4.3) CD (t) =
1
2
∫ 2pi
0
Cp (ϕ, t) cosϕdϕ (4.4)
With Cp, the local pressure coefficient, being given by
Cp =
p− p∞
1
2ρU
2
∞
(4.5)
A geometrical interpretation of this integration is provided in Figure 4.11. As it can be observed the
integration is discrete, since results were obtained at every 18 degrees. This means the code obtained
the local pressure drag and lift coefficients by performing both integrations in the following way:
CDp (t) =
1
1
2
ρU2
∞
d
20∑
i=1
pirϕicosϕi (4.6) CL (t) =
1
1
2
ρU2
∞
d
20∑
i=1
pirϕisinϕi (4.7)
A second distribution was obtained by interpolating the pressure results over the cylinder surface
at 360 points one degree apart from each other. In order to prevent the overshooting of pressure data
it was decided to refrain from performing a standard cubic interpolation, choosing a Piecewise Cubic
Hermite Interpolating Polynomial instead (see Figure 4.12).
As it can be seen from Figure 4.12 the Piecewise Cubic Interpolation determines the interpolated
slopes between each two data points (dk, to use the same nomenclature as that present in the software’s
content [105]) while finding a derivative at the data point locations which prevents the interpolated
signal from overshooting.
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(a) Pressure integration with twenty points
only: the shaded area corresponds to the re-
sultant force applied over the cylinder.
(b) Refined pressure integration, performed
with 360 points: notice how the shaded area
acquires a continuous shape.
Fig. 4.11: Pressure integration scheme: each cross indicates a pressure point value, while the shaded
area represents the integrated value (the represented areas do not refer to any specific case).
Fig. 4.12: Cubic interpolation vs Hermite interpolation in the presence of a plateau. [104]
According to MatLab documentation [105] the interpolation, based on previous routines well de-
scribed in the literature [106, 107], starts by evaluating whether two consecutive slopes between three
data points (δk and δk−1) have different signs, and when that is the case the central point (xk) is
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considered to be a local discrete minimum or maximum, therefore with dk = 0. When both slopes have
the same sign it means xk is simply a point where the derivative changes in value without changing
sign, and the derivative at the central point is then given by:
1
dk
=
1
2
(
1
δk−1
+
1
deltak
)
(4.8)
Which means that at the reciprocal slope of the interpolated curve at the central point is the average
of the reciprocal slopes immediately before and after. At this point the integrated slope between δk−1
and δk+1 is composed of two cubic interpolations q (x) of the form (between two arbitrary points x1
and x2)
F (x) = (1− t (x)) y1 + t (x) y2 + t (x) (1− t (x)) (a (1− t (x)) + bt (x)) (4.9)
where
t (x) =
x− x1
x2 − x1
, a = dk1 (x2 − x1)− (y2 − y1) , b = −dk2 (x2 − x1) + (y2 − y1)
connecting xk−1 to xk+1. The parameters dk1 and dk2 refer to the local values of the slope dk at
points x1 and x2, given by 4.8 (see Figure 4.13).
xk-1 xk xk+1
xk xk+1
Fig. 4.13: Piecewise cubic slopes. [105]
The resulting integral over the cylinder surface is represented by the shaded area in Figure 4.11b
in comparison to that of the original ten-point data. The code then performs Equation 4.6 and
Equation 4.7 in the following form:
CDp (t) =
1
1
2
ρU2
∞
d
360∑
i=1
pirϕicosϕi (4.10) CL (t) =
1
1
2
ρU2
∞
d
360∑
i=1
pirϕisinϕi (4.11)
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The pressure distribution obtained from the 20 points with and without interpolation is represented
in Figure 4.14.
Interpolating the pressure distribution for Re=1.12 × 105 showed the preliminary value of CD to
converge from 1.017 to 1.213, a 19.3% increase2 which placed the drag coefficient closer to other results
found in the literature [27, 60].
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angle from separation [°]
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0
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Surface Pressure Measurements
Piecewise Cubic Interpolation
Fig. 4.14: Surface pressure distribution for the solid cylinder with and without interpolation (stagnation
point artificially introduced).
The tight space in which all twenty pressure tubes had to be accommodated inside the cylinder
meant that while full perimeter tests (required to compute lift and drag fluctuations) could be per-
formed with 20 measuring points around the surface, finer pressure distributions had to be obtained by
measuring the pressure at ten positions in the windward quarter and then at its leeward counterpart.
By then results on pressure distribution for all configurations and speeds of interest had already been
obtained and this was known to be symmetrical. The complete pressure distribution was obtained by
mirroring the results obtained at the top half.
This configuration was implemented on a second model, purposely built to test the solid case,
after it was discovered, during PIV measurements, that the gaps between the components of the solid
configuration were thick enough to disturb the flow to the point of affecting its wake pattern. The
second model was composed of a perspex cylinder, with twenty pressure taps flushed on its central
2 There seemed to be a trend of the non-interpolated drag coefficient being lower than its interpolated counter-
part. This could possibly be explained by the step integration failing to include the base pressure immediately
after separation.
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section. By rotating the cylinder 45 degrees it was possible to map the complete top half section of the
cylinder surface, thus obtaining a more accurate description of the pressure distribution (Figure 4.15).
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Re 1.12  105
Fig. 4.15: Surface pressure distribution with refined mesh (perspex cylinder). Notice how the base
pressure coefficient is different from the one shown in Figure 4.14.
For configurations containing foam coatings the modular configuration was used, as the effect of
the porous coatings was considered to be significantly larger than that of the model gaps. All pressure
distribution plots in the present dissertation refer to interpolated data unless specified otherwise.
Uncertainty Estimation
The surface pressure probes flush tapped over the cylinder surface at a full range of ±10 kPa and
a sampling frequency of 1 kHz. Given the length of the tubing in use (3 m) results were used in
average rather than frequency. The system was produced in house, with the manufacturer identifying
the uncertainty as falling between 0.25% and 0.5% full scale. Given the length of the pressure tubing
in use and the dynamic characteristics of such systems it was decided to avoid a spectral analysis of
the surface pressure data. This constituted no considerable setback since such data proved not to be
necessary to develop the formulated hypothesis. Mean surface pressure values were obtained from the
arithmetic average of all samples contained in the test record, with no filters being applied.
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Fig. 4.16: Perspex central part, equipped with 10 pressure tap orifices. The model was then rotated 45
degrees at a time in order to cover the complete circumference.
The uncertainty in the obtained values for the pressure drag integration was estimated by per-
forming a Monte Carlo analysis: The solid cylinder surface pressure distribution was synthetically
contaminated with N random signals of standard deviation equal to the uncertainty of the sensors;
CDP was then integrated for each of the N cases. Results showed that assuming a maximum uncer-
tainty of 0.5% for the pressure probes the uncertainty of the pressure integration would be approx.
0.02% of the maximum observed pressure drag (Figure 4.17).
As it will be seen later on, the agreement between pressure integration data and load cell measure-
ments for the well known case of a solid cylinder further validated the implemented surface pressure
measurement rig regarding average surface pressure values.
4.4.3 Total drag measurements
Total drag cannot be derived by integrating surface pressure as this method does not take into account
its viscous component, and therefore an additional rig was produced.
The design of the new rig followed the works on end plate size by Szepessy & Bearman [60], who
indicated that these should be longer than 7 diameters along their dimension aligned with the flow
and 7 diameters across (Figure 4.18). Considering our model to have 60 mm of diameter this meant
using two aluminium end plates 3 mm thick, 420 mm wide and 480 mm long.
The model was placed vertically as shown in Figure 4.19 in order to avoid ground effect, with the
rig placed 4 m downstream from the inlet of the test section. The setup was designed to be compatible
with the modular solution described in section 4.3 and the model was attached at both ends to in-house
built load cells via an inner aluminium solid cylinder which was screwed to its steel core (Figure 4.19c).
When exposed to flow the model would move causing the steel plates to deflect, while the remainder
of the structure (end plates and struts) remained static. Strain gauges were placed on one of the steel
plates on both top and bottom in order to measure its deflection and therefore the drag applied on
the cylinder.
Both the dimensions of the steel plates in the load cells and which strain gauge to choose had to
be evaluated based on the expected loads. The required calculations are presented in the following
section.
4.4 Measurement Techniques 69
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
Pressure probe uncertainty [% of full scale]
0.5
1
1.5
2
2.5
3
3.5
4
Pr
es
su
re
 in
te
gr
at
io
n 
un
ce
rta
in
ty
 [N
]
10-3
Fig. 4.17: Uncertainty of pressure drag integration (in N) as a function of the probe uncertainty (in
percentage of full scale).
4.4.4 Load cell dimensioning
As referred before the total drag exerted on any body is given by the sum of the viscous forces applied
over its surface and the pressure exerted by the flow around it. Since the pressure drag was already
known, it meant that the total drag would be slightly (viscous drag has been proven to be lower than
its pressure counterpart [42]) higher than the drag obtained from the pressure integrations.
The design of the load cells was therefore aimed at a two steel plate gauge which could withstand
a force a little over the maximum recorded pressure drag. Focus was put on the windward coating
configuration which had registered the highest CDp value of 1.498, equivalent to a pressure drag of
20.282 N. Both the maximum and minimum drag values were then extracted from the drag time signal
resultant of the integration of pressure around the cylinder circumference in order to characterize the
maximum loads (in both directions) that the load cell had to withstand. Such peak values were found
to be -16.75 and -23.41 N, and therefore the load cell dimensioning was aimed towards a predicted
peak value of ± 25 N.
The developed load cell was comprised of two steel plates, with one of them equipped with four
off-the-shelf strain gauges arranged in a four-resistance Wheatstone bridge (see subsection 4.4.5) in
order to measure the deflection at a given position over its surface caused by the plate bending when
solicited by the drag over the model. Since the two plates are placed parallel to each other they are
expected to deflect in the same way (cancelling moments). As described in Figure 4.20b each of the
steel plates can be treated as a beam fully restrained at the bottom end and simply restrained on top,
where deflection is allowed but not bending.
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Fig. 4.18: End plate design by Szepessy & Bearman. [60]
Strain gauges cannot, however, measure the strain at the very end of a beam, since they are
composed of a set of copper coils which measure strain at its center. For this reason strain gauges had
to be inserted at some other point along the span. Given the need to leave some clearance for the wires
connecting each strain gauge to the dedicated measuring circuit it was decided to attach the strain
gauges at 75% of the total height of the steel plates (Figure 4.20a).
In order to estimate the deflection at such points it was necessary to describe the strain along the
span. Resorting to the work by Young & Budynas [108] it was found that for a beam of length l with
the restraints described in Figure 4.20b the bending moment is, at any distance x from its simply fixed
end, given by
M (x) =MA +RAx−D (x− a) (4.12)
MA =
D (l− a)2
2l
(4.13)
Where D is the applied Drag force, M indicates an applied moment, R a reaction, and A the beam
end were the force or movement is applied. The reaction at A, RA, is zero since it is at this end of the
plate that the drag force is applied and the beam is free to move (without bending, as referred before).
Putting together Equations 4.12 and 4.13 and substituting RA by zero yields:
M (x) =
D (l − a)2
2l
−D (x− a) = D
(
l
2
− x
)
(4.14)
Which means it is now possible to calculate the moment at any point, even though the strain caused
by such moment is unknown. This of course has to be predicted as well in order to dimension the load
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(a) Overview of the rig used for total drag
measurements.
(b) Schematic view of the model
in test rig.
Cylinder model
Connecting cylinder
Load cell (with strain gages)
Load cell root
(c) Detail view of the assembly, with the load cell shown.
Fig. 4.19: Total drag rig schematics.
cell and select which strain gauge to use. To do so we make use of the equation for bending strain:
[108]
M =
EI
ρ
(4.15)
where E is the elasticity modulus, I the moment of inertia of the cross section and ρ the radius
of the curvature assumed by the neutral axis of the section when bending. Since it is known that the
strain ǫ can be given by ǫ = y/ρ, where y represents the distance from the neutral axis at which the
strain is being calculated, the strain as a function of moment along the beam was derived from the
moment distribution by susbtituting the definition of the strain ǫ in Equation 4.14. With appropriate
algebraic treatment this yields
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D
Moving end (attached to model)
Strain gages (measuring deflection)
Fixed end (attached to end plate)
(a) Double steel plate load with drag represented
by the arrow marked ”D”.
D
D
(b) Predicted deflection (here amplified) and
equivalent beam system.
Fig. 4.20: Load cell schematics and beam configuration.
Radial tolerance, to allow for
Model deflection without load transmission
Spanwise gap, prevents load transmission
to end plate
Fig. 4.21: Load cell detail view: tolerances and gaps
M =
EIǫ
y
(4.16)
Putting together the results of Equations 4.12 and 4.16 and solving for strain ǫ it is possible to
obtain both the strain and moment at every given distance x from the load and y from the neutral
axis centroid along the load cell steel plate, for a drag of intensity W :
M =
EIǫ
y
= D
(
l
2
− x
)
(4.17)
ǫ = D
y
EI
(
l
2
− x
)
(4.18)
4.4 Measurement Techniques 73
The deflection value once the steel plate dimensions are inserted is the maximum deflection at
the load cell-model connection, and was used as minimum amount of radial tolerance between fixed
and moving parts, since if the load cell makes contact at any other point than the connection with
the model some of the drag force is transmitted to the structure and the measurement is rendered
inaccurate.
If we now substitute x for 75% of the total plate length (using plates 50 mm long, 20 mm wide,
and 0.8 mm thick) and make y half of its thickness (since the strain gauges measure the strain on
the surface itself, the distance to the centroid will be half of the thickness) we’ll obtain, for a drag
of 25 N, a microstrain of 395.98 at the strain gauge. This means a 0.825 mm deflection at the top
constraint, for a tolerance gap of 1 mm between fixed and moving components. In order to accurately
capture this 395.98 microstrain the load cell was equipped with four CEA-240UZ-120 strain gauges, by
Micro-Measurements, which had a gauge factor G (see section 4.4.5) of 2.14 and transverse sensitivity
of (+0.8± 0.2)%.
Final load cells specifications were as follows (uncertainties indicated in Appendix).
• Safety coefficient: 25%
• Predicted Drag Limits [N]: [1.24 20]
• Predicted load limits [N]: [-0.465 -12.5]
• Predicted strain limits [%]: [0.0018 0.0490]
• Predicted microstrain limits: [18.2325 490.1212]
• Predicted deflections at moving end [mm]: [0.0422 1.1345]
4.4.5 Load cell Wheatstone bridge and calibration
Load Cell Wheatstone Bridge
The strain gauge configuration followed the documentation provided by Omega [109], with two strain
gauges attached on each side of the test steel plate, parallel to each other and connected in parallel
shown in Figure 4.22.
(a) Strain gauge attachment scheme. (b) Wheatstone Full-bridge Configuration.
Fig. 4.22: Wheatstone strain gauge configuration - assembly and circuit. [109]
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According to documentation by Omega [109] the ratio between fractional change in the electrical
resistance of the strain gauge and fractional change in length (strain) is given by its gauge factor G:
G =
∆R/R
∆L/L
=
∆R/R
ǫ
(4.19)
The previous expression can then be used to model the signal output, as performed by the technical
officer at the University of Surrey. By solving the circuit equations it can be observed that voltage
output VOUT relates to the resistance at each strain gauge in the following way: [108]
VOUT =
(
R3
R3 +R4
− R2
R1 +R2
)
VIN (4.20)
Calibration
The model was subjected to a force of growing intensity and the measured voltages were recorded and
plotted against the loads being solicited.
A system of pulleys and counterweights was designed in order to apply this increasing load on the
cylinder at different points and distributions for comparison. The first calibration consisted in applying
a set of different loads, from 1 to 20 N, at the center of the model (midspan). The tests were performed
by attaching a vessel containing a liquid (water) to the model through a string going through a pulley,
which made the load generated by the water weight horizontal (Figure 4.23a). As the amount of water
in the vessel was increased the model was subjected to increasing loads. Using a liquid rather than a
set of solid weights meant it was possible to obtain any number of loads. Twenty loads, from 1 N to
20 N, 1 N apart, were otbained from calibration.
(a) Calibration configuration 1
- Single point load applied at
model midspan.
(b) Calibration configuration 2
- Two point load symmetrically
applied around midspan.
(c) Calibration configuration 3
- Four point load symmetrically
applied around midspan.
Fig. 4.23: Calibration of total drag rig - schematics
Even though calibration curves proved satisfactory with coefficients of determination around R2 =
0.998, it was argued if, in spite of an identical resultant force, the solicitation on the load cells was
indeed the same or relatable. For this reason a second calibration was performed, where the load was
now distributed by two points equidistant from the midspan (Figure 4.23b). A third test, to evaluate
how the distribution of loads influenced the calibration curves, was performed with four loads, also
symmetrical around the midspan (Figure 4.23c).
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Results for all three calibration curves are shown in Figure 4.24, where it can be observed how by
changing calibration loads the calibration curves change only slightly, while their linearity confirmed
the consistency of the load cells in measuring forces aligned with the flow. It was found that when
distributing the load by four points it was hard to equalize the tension in all four strings, which meant
a non uniform along the model span. For this reason, but to keep the load distributed rather than
simply concentrated at midspan, the two point calibration was adopted instead.
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Fig. 4.24: Calibration curves for total drag rig.
Uncertainty estimation
The uncertainty of the strain gage load cell set up was estimated using the calibration data for all
cases. The voltage output is considered to be ∆V = ∆V1+∆V2, where ∆V 1 and 2 are the differences
between the voltage values of both Wheatstone bridges between the loaded state and at ease. By
adopting changes in voltage rather than the absolute values it was possible to compensate for a drift
in the zero observed over time.
The standard deviation among all calibrations at different loadings is presented in Figure 4.25.
Results show the uncertainty of the load cells to vary from 0.47% to 2.13% full scale.
4.4.6 Particle Image Velocimetry (PIV)
Particle Image Velocimetry (PIV) was performed as a preliminary analysis of the near wake region.
Since the wake phase average was performed using LDA data PIV was only used for a qualitative
description of the size of the recirculation region.
PIV was performed resorted to a wide lens laser placed underneath the floor of the wind tunnel
ten diameters downstream from the model as shown in Figure 4.26.
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Fig. 4.26: Schematic representation of PIV installation.
The laser was placed on a rail at 70◦ under the wind tunnel, with the laser beam making its way
into the wind tunnel through an opening in the floor. The seeding particles in use were produced by
vaporising olive oil, and the average size of the seeding was 5 µm. The laser placement had to ensure
that most of the wake was shown, although at the angle allowed by the rail.
The laser unit in use was a Litron Laser Nano LPIV. The measured volume had the shape shown
in Figure 4.26. All post-processing of the results was performed with the TSI Insight 4G software.
All PIV measurements were performed using a Litron Laser Nano LPIV LPL1000, with a maximum
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output of 400 mJ and a pulse duration of 4 ms. The wavelength of the laser was 1066.532 µm. The
PIV set-up was by TSI Instruments.
The uncertainty is not provided directly by the manufacturer, but comparison with lab standards
suggests this should be within 1% of the measured value, usually approx. 0.25 m/s. The uncertainty
values for the PIV measurements are not significant since only averaged data was used, and always
considered qualitatively.
4.4.7 Laser Doppler Anemometry (LDA)
Laser Doppler Anemometry measurements were performed with the embedded LDA system at the
Aerotunnel of The EnFlo lab of the University of Surrey, using a Dantec Dynamics Fiber Flow ref.
9055X0353 probe. The laser probe was placed externally to the wind tunnel, aimed at one of its outer
walls. This being made of non-reflective glass allowed the LDA laser beams to reach the measuring
domain. Positioning the probe along the wake was performed using a traverse system which allowed
the probe to be moved along all three axis.
In order to measure vortex strength and size through phase-averaged results the wake speed was
measured along two vertical lines downstream from the cylinder. Since this required the vortex to
be fully defined by the time it reached the plane perpendicular to the flow containing the referred
vertical line the profiles were performed at three and eight diameters from the cylinder leeward, to
avoid performing measurements in the formation region (Figure 4.27).
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Fig. 4.27: Schematic representation of LDA measurement profiles (not to scale).
Each of the profiles spanned a total length of 360 mm (6 diameters approx.) and was composed
of 73 points 5 mm apart from each other. Because one of the objectives was to phase average the
results to map the fully developed vortices it was important that the sampling frequency allowed the
phenomenon to be well resolved, and thus the sampling frequency was a function of the predicted
vortex shedding frequency as presented in Table 4.2.
Because phase-averaging requires a second signal for reference a hot-wire probe was placed in the
vicinity of the wake, at an angle of 19◦ with respect to flow. The phase-average process using both the
hot-wire signal and the 73 signals resulting from the profile measurements is described in the following
section.
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Table 4.2: Predicted sampling frequencies for LDA phase-average tests.
Speed [m/s] fvortex [Hz] Test time [s] # cycles fsampling [Hz] # samples
10 35 45 1575 500 22500
20 70 45 3150 700 31500
30 105 30 3150 1000 30000
Phase-averaging velocity measurements
Phase-averaging consists in averaging a signal containing periodical data at a set of intervals which
ensures that for each group of points to average the same point along the fluctuation period is taken
into account. This means the result is the averaged period contained in the original data (see Figures
4.28a and 4.28b).
In the process here described the original signal is that of the point-wise LDA measurement, and
the periodical data contained in it corresponds to the velocity fluctuations induced by vortex shedding
at that location.
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Fig. 4.28: Velocity data prior to and after phase-averaging.
At this point it is understandable that in order to match the different periods in the LDA data con-
taminated with noise a steady reference signal, containing a periodical signal with the same frequency,
is required to match each period (reference signal in Figure 4.29).
For each well defined period in the reference signal its equivalent period in the LDA data signal was
flagged, and the phase-average presented in Figure 4.28b is obtained from averaging all the resulting
periods.
The method represented in Figure 4.29 can only work, however, if reference and data signal are well
synchronized, so that each period in the hot-wire data accurately relates to another period in the LDA
signal. In order to obtain such a good correlation a hardware trigger was developed which synced the
acquisition of LDA bursts with that of the hot-wire measurements. Once synchronized the signals were
converted from analogical to digital. It was observed that a correlation in the order of 1 microsecond
was required for the phase-average to be effective, since every lag in a period was communicated to
the subsequent ones. A schematic representation of the apparatus is presented in Figure 4.30.
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Fig. 4.29: Periods to phase-average in data signal.
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Fig. 4.30: Phase average acquisition system for LDA.
A dedicated MatLab code was developed to post-process the obtained results. The code started by
retrieving both LDA and Hot-Wire signals and organizing them in arrays. Unlike the hot-wire signal,
which has a constant sampling frequency from its analog-to-digital conversion, LDA data is discrete in
nature and does not have a constant sampling frequency since seeding particles do not pass through
the measurement volume at a constant rate. This meant that the code had to store both time signals
(LDA and the hot-wire reference signal) to later interpolate between each other.
After calculating the spectrum of the hot-wire signal, and identifying its peak frequency (Fpeak)
as being that of the vortex shedding, a Butterworth filter was applied around this frequency, for band
spanning from 95% to ten times its value. Notice that the Butterworth filter was made non-symmetric
around the vortex shedding frequency after it was discovered that by suppressing very high frequencies
a lag appeared in some of the test runs. The signal resulting from this filtering was used as time
reference.
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The next step is to identify the periods in the reference signal for the phase-average computa-
tions. This was initially performed by identifying the zero-crossings present in the reference signal
and identifying them as candidates to point of interest, but successive runs and trials showed this to
be particularly sensitive to shorter periods where a signal oscillating around its nominal value at the
zero-crossing would change signal more than once and produce more than one candidate to point of
interest. To avoid this the code identified the local maxima instead, by locating points of change in
the signal of the local derivative (particularly from positive to negative).
In order to identify the local maxima in the hot-wire signal the same Piecewise Cubic Hermite
Interpolation routine was used, as the code isolated a segment around the two points with derivatives
with different signs and interpolated that portion of the hot-wire signal with a curve with ten times
the original number of points. Given the properties of the Hermite interpolation the identified maxima
must necessarily coincide with the point in the hot-wire signal reaching its local maxima as well. This
was also used to identify roots (zero-crossings), and the equivalent points in the LDA data signal.
At this point the code has identified all maxima, regardless of whether these are indeed consistent
with vortex shedding periods or simply noise-induced values. Just in the same way a noise oscillation
of the signal around the zero crossing may induce the algorithm into believing that more than one
period is present within a length of signal shorter than a vortex shedding period, an oscillation next
to a local maxima could induce the same systematic error.
Hot-wire signal
Period starting instants
Period ending instants
V
el
o
ci
ty
[m
/s
]
Time [s]
Fig. 4.31: Points of interest in a phase-average reference signal.
These candidates to points of interest must therefore pass a test in which the time elapsed between
each two is compared against the average of all intervals in the signal. If the mean interval between
points of interest is assumed to be close to the vortex shedding period then each of the intervals
between points of interest will be a period, and these a starting and ending point if its value is not far
from the overall average.
The developed algorithm assumes a similarity between [90% : 110%] to be enough, providing in this
way a margin of time-length where an interval can be assumed to be indeed a vortex shedding period.
All candidates to points of interest are then sorted, and either discarded or accepted as candidates to
either period starting or ending points (Figure 4.31).
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Identifying whether a point of interest is either a period starting or ending point is simplified if
the signal is treated in terms of periods instead of points: Since each of the intervals between points of
interest that passed the 90% - 110% test is considered a vortex shedding period than there cannot be
two consecutive starting or ending points, and the first point of interest must necessarily be a starting
point. The code assigns as period starting instants every other point of interest from the first, and as
period ending instants every other point of interest starting from the second one.
This concludes the root finding routine of the developed phase-average algorithm, where each period
has been properly identified, in starting, ending and length.
Here begins the phase-average itself which ill produce the results presented in Figure 4.34: the
code searches for the starting points of each period identified in the previous step, solving for each
period a series of interpolations similar to those used to identify the local maxima. For every starting
point reference the algorithm begins by finding the LDA time instants closer to it, both before and
after. Notice that as referred before an LDA system does not have a constant and consistent sampling
frequency, which means that it cannot be synced in absolute with the reference signal, and therefore
an interpolation is required between these points. Because an accurate Hermite interpolation requires
a minimum of five points (in order to establish not only x and its derivative but also x+ 1 and x− 1
and their derivatives as well) a bandwidth of two points in each direction from the instant closest to
the starting point is established.
After identifying the beginning of each period (in average between two and three thousand periods
were analysed per test case) the algorithm then added to its starting instant the equivalent period
length, establishing the ending point of each period as well.
Each period is then divided in N equal parts in length and for each T/N position along the period
the value is interpolated in the same way as its starting instant. As the code sweeps all the periods
contained in the signal in this fashion it averages all N points per period (Figure 4.32) producing the
phase-averaged signal.
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Fig. 4.32: Points of interest within each vortex shedding period.
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Replicating this process for all 73 points is not enough when the objective is to map the shed
vortices and characterize them in strength and size.
This is produced by assuming frozen turbulence in the wake. The frozen turbulent hypothesis, or
Taylor’s hypothesis in honor of Sir Geoffrey I. Taylor, states that the convection currents induced by
turbulent scales small in comparison to the surrounding flow are negligible compared to the convection
present in that flow itself.
Going back to the LDA phase-average, this means that we can line up all 73 sine-waves and assume
that each of their points coincides not only in time between 0 and T seconds, but also in space, spanning
from x = 0 (the measured profile position) to x = U × (n× T/N), where n is the index of the averaged
position in the period, = U the average speed u and N the total number of period divisions.
In the same way a series of pictures from a ballerina taken from above can be projected along her
path to map her trajectory (Figure 4.33), all 73 sine waves can be projected down the wake, assuming
that each of those points is synchronized in profiles separated by U×(n× T/N). The adopted approach
here differs from that applied by Cantwell & Coles [47], as the fluctuations at each position were
extracted by subtracting the average point speed to the sine wave instead of a constant value for all
wake profile (which also reduces the influence of ground effect in the data).
Fig. 4.33: Frozen turbulence - the ballerina analogy: by knowing the orientation of the ballerina at
each time and knowing her path it is possible to represent her movement as a whole.3
This resulted in all phase-averaged vortices being circular and aligned (Figure 4.34) as predicted
by von Ka´rma´n’s relation between uv and h/l, where h is brought to zero if the vortices are considered
to be shed with the same speed as the incoming flow. This proved especially relevant when post-
processing the obtained velocity fields for vortex strength and size. The total circulation up to the
critical radius rC (distance from vortex center of maximum rotational speed) was then measured, and
from this value the vortex strength was obtained by approximating the shed vortex by a Batchelor
vortex (Equation 4.21), in agreement with what had been concluded by Hooker [71].
uθ (η) =
Γ
2π
√
4ανt
1
η
(
1− e−αη2
)
, η = r/rC (4.21)
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The vortex strength is obtained from the vortex circulation (Figure 4.34), obtained in two ways
as indicated by Green’s theorem: on one hand by the integration of speed over a circle encapsulating
the vortex (line in blue), and by integrating the vorticity inside the area it defines (line in red). The
agreement between both lines validates the phase average algorithm as it shows a good mapping of
the velocity components in the wake: should the phase average not produce a well defined vortex field
the two methods would not produce the same values.
Uncertainty estimation
All LDA velocity measurements were performed using a Dantec Dynamics Fiber Flow ref. 9055X0353
probe, together with a Coherent INNOVA 70C laser. According to product specs the maximum mea-
surable speed by the system is 108 m/s. The seeding was performed using oil particles and all data
acquisition and trigger synchronization performed through the in-house built EnFlo Labview code at
the University of Surrey.
A Monte Carlo analysis was performed for the phase-averaging routine and presented in Figure 4.35.
Given the high-fidelity of the equipment in use the uncertainty of the LDA was considered to be no
higher than 0.5% full scale, and therefore the uncertainty of the phase average routine is estimated at
a maximum of 1% of the measured value for a solid cylinder at Re=1.12× 105 (30 m/s) (Figure 4.36).
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Fig. 4.34: Routine Output- Wake patterns from phase-averaged LDA measurements (left) and equiv-
alent Batchelor vortex distribution (right).
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Fig. 4.36: Uncertainty of phase average routine.

5Control case - The Solid Cylinder
5.1 Vortex shedding frequency f
In the following chapters all plots referring to “Strouhal number” make use of its standard form
St = fd/U∞. The analysis begins with the study of the vortex shedding frequency for the control
case (solid cylinder) and then moves on to examine how the different coatings affected this parameter.
Velocity fluctuations are represented for different frequencies in Figure 5.1, where u′ corresponds to the
power spectral density of the velocity fluctuations obtained from the Fourier Transfer of the recorded
signals:
fˆ (ξ) =
∫ +∞
−∞
f (x) e−2piixξdx (5.1)
As it can be observed from Figure 5.1 the vortex shedding frequency values tend to fall between
St = 0.18 and St = 0.2, an interval of frequencies, rather than a well defined value. This was initially
believed to be associated with aspect ratio or ground effects, but further research on the works by
Gerrard [45, 100] and Bloor [44] showed that the turbulence intensity of the incoming flow affects the
recirculation of the detaching shear layers by making these more diffuse. Gerrard performed Roshko’s
experiment with different turbulence intensities and identified what Zdravkovich [42] cites as a possible
extension of the TrSL2 regime for flows with lower turbulence intensities.
Because the frequencies in this interval are also higher than the St ≈ 0.18 it was hypothesized
that the cylinder had shifted into a lower Reynolds number regime. According to Gerrard [45], if this
was the case then for low turbulence intensity flows the Strouhal number would remain constant with
Reynolds number at a value of 0.21 (Figure 3.5). This was likely an artifact and not a free stream
turbulence-induced switch to another regime [23,47], as all the other evidence is consistent with the
subcritical regime.
This scatter in frequency was observed in the literature (Figure 3.5) as mentioned by Zdravkovich
[42]. Toebes [110] described how the measured shedding frequency in this regime fluctuates by as much
as 15%, meaning that it is only possible to indicate an average St frequency TrSL3 regime rather than
a well-defined value [42]. This bandwidth aspect of the vortex shedding frequency is explained by the
“swooshing” effect mentioned by Gerrard [45] in which the formation length oscillates as a feedback
loop is established between base pressure turbulent diffusion.
It was considered that the lowest Reynolds number in analysis, Re = 3.6 × 104, could fall in the
TrSL2 regime rather than the TrSL3 [42]. For this reason results at Re = 3.6 × 104 were compared
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Fig. 5.1: Wake fluctuation spectra for the solid cylinder case.
against their higher speed counterparts. For vortex shedding frequency this difference proved negligible
and the results were considered to be validated.
5.2 Drag
Total drag results will be here reviewed for the baseline case at different speeds. How CD behaves with
changing Reynolds numbers provides an insight into both the surface pressure distribution and the
near-wake formation region.
Drag measurements for the solid cylinder are presented in Figure 5.3. The constant value for CD is
in agreement with what has been postulated in the literature [27, 42] for the vortex regime in study.
This is confirmed by the steadiness in the drag coefficient on Figure 5.3, even if its value (approx.
1.36) is above the one predicted for infinite cylinders [42, 53, 111]. This was associated with the lower
aspect ratio in use (see chapter 4), especially since for a cylinder with a higher aspect (AR = 10) ratio
the same load cell set produced results in agreement with those found in the literature. The present
drag results are also validated by Szepessy & Bearman’s work [60], where for a cylinder with the same
aspect ratio the same value for the drag coefficient was obtained (Figure 5.2).
The second part of this section concerns the two components of drag, viscous and pressure, and
hints at how the different coating locations may be affecting the flow over the cylinder surface.
Pressure and Viscous Drag
Breaking down the total drag coefficient (CD) in viscous (CDf ) and pressure (CDp) components is made
possible by integrating the surface pressure over the model as described in chapter 4. It follows that
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Fig. 5.2: Variation of drag coefficient with cylinder aspect ratio: (a) Re = 4.3×104, (b) Re = 1.3×105.
[60]
if two of the components or the total value and one of the components is known the third parameter
can easily be obtained: [42]
CD = CDf + CDp (5.2)
As it can be observed in Figure 5.3 the viscous component of drag is significantly smaller than its
pressure counterpart. For the five Reynolds numbers analysed the viscous drag component amounted,
in average, to 0.6% of the total, from which it is not possible to distinguish between viscous drag and
experimental uncertainty. This result is in agreement with what has been postulated in the literature
[42] presented in Figure 2.14.
The constant value for drag coefficient across the tested Reynolds range and the significantly smaller
viscous drags indicate a good agreement between pressure and total drag. This not only validates the
pressure and total drag measurements and also indicates low three-dimensional effects and experimental
disturbances for the model in use (recall that the same values were obtained by Szepessy & Bearman
[60]).
5.3 Surface pressure distributions
The analysis of surface pressure distributions follows the methodology found in the works of Achenbach
[57] and Szepessy & Bearman [60], with special focus on separation point location and base pressure
coefficients.
The pressure distribution for the solid case (Figure 5.4) illustrates the different character of the
flows in presence at Re = 3.73 × 104 and Re = 5.59 × 104. This was attributed to transition region
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Fig. 5.3: Pressure (red line) and total drag (blue line) coefficients for the solid cylinder case.
between TrSL2 and 3 (between Re = 2 × 104 and Re = 4 × 104) [42] and manifested itself with a
fluctuating pressure coefficient at Re = 3.73× 104 in comparison with the other speeds which present
much steadier distributions.
The fact that such a difference in regimes was not so evident for either drag coefficients or Strouhal
number is in agreement with Zdravkovich’s suggestion that the limit between TrSL2 and TrSL3 is not
well defined, rather spanning from Re = 20× 103 to Re = 40× 103.
The local minimum at around 70◦ matches what has been registered in the literature [57, 60]. This
increase in base pressure suction has been related to the flow accelerating in the near-wake region for
finite cylinders, with Szepessy & Bearman obtaining similar minima with aspect ratios as high as 10.
The results presented in Figure 5.4 are also in good agreement with the values presented by Klausmann
& Ruck [19] in a more recent study on the subject (see Figure 5.5 for comparison).
It should be noted how for all configurations (with acceptable deviation for the data at Re =
3.73× 104) the base pressure coefficient remains constant, indicative of similarity in vortex shedding
regime at all speeds. As represented in Figure 5.5 the obtained Cp distributions were also in agreement
with those found in the literature, thus validating the surface pressure measuring system in use.
5.4 Vortex shedding strength and vorticity ratio ǫ
Vortex strength constituted one of the main points in study in the works by Gerrard and Bloor [44,
45, 100], although it was always obtained from point measurements and never from a field description
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Fig. 5.4: Pressure coefficient distributions for the solid cylinder (interpolated data).
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as here performed. Vortex shedding strengths measured at two different distances from the cylinder
(three and eight diameters downstream) are presented in Figure 5.6.
Results show the vortex strength at 3d downstream to be considerably higher than at at 8d down-
stream from the body. This is because the vortices at eight diameters downstream are no longer confined
between the two end plates. All data for vortex strengths mentioned in this thesis therefore relates to
measurements at 3d downstream unless specified otherwise.
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Fig. 5.6: Vortex strengths at different distances from the leeward side.
Agreement with previous literature is observed by comparing the vorticity ratio results. These are
plotted in Figure 5.7, where ǫ was obtained directly from the results because the velocity fluctuation
has been shown to be constant between the formation length and the measuring position (vorticity
losses immediately after formation are considered negligible). Values were within the range presented
in the literature [42, 51].
Vorticity losses were found to fluctuate around 33% across the Reynolds number range. Gerrard
[45] mentioned that the vorticity losses correlated with the amount of flow from the shear layer being
directed towards the three regions identified in Figure 3.1. Gerrard concluded that the circulation
convected through a does not change with speed, whereas that convected by b is mainly influenced by
the length of the turbulent shear layer and increases inversely with that carried by c, which is cancelled
only half a period after being shed. [45]
There is therefore a balance between b and c. For increasing speeds the amount of vorticity curling
backwards will increase (increasing the vortex strength) while keeping the same proportion with that
which recedes in c.
5.5 Formation Length lf
The distribution of the amplitude of the fluctuations at the vortex shedding frequency in speed down-
stream from the bluff body is shown in Figure 5.8 (where x = 0 is located at the center of the cylinder)
and is in agreement with the results by Bloor & Gerrard [41]. According to Zdravkovich [42] the point
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Fig. 5.7: Vorticity coefficients for the solid cylinder (from data obtained three diameters1 downstream).
of maximum u′/u corresponds to the location in the wake where the shear layer crosses the wake axis.
It was explained by Gerrard [45] that since base pressure and turbulent diffusion cancel each other
in the subcritical regime it makes sense that this point does not move downstream with increasing
Reynolds number (Figure 5.8).
The point where the second harmonic of the vortex shedding frequency reaches a maximum corre-
sponds to the location where both vortices come the closest to alignment in the wake. If the second
harmonic is considered results show that for higher speeds, and therefore higher vortex shedding fre-
quencies, the formation length appears to be increasing.
This location must necessarily relate to the distance between ejected vortices lv which in turn, as
shown by Ka´rma´n [31], relates to the incoming speed U∞ and convection speed, explaining why the
plot lines on the bottom plot in Figure 5.8 do not overlap. This result is not in contradiction with
a constant formation length, but merely a matter of nomenclature. This demonstrates the relation
between diffusion and base pressure described by Gerrard [45], where the formation length is in fact
allowed to extend, provided that the diffusion length compensates for this effect. The “swooshing”
effect will prove of significant importance for the present project.
5.6 Conclusions
Results for the solid cylinder case have succeeded to illustrate the relations between Reynolds and
Strouhal numbers described in the literature for the subcritical regime, along with measured total and
pressure drags.
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Fig. 5.8: Standard deviation (top) and second harmonic fluctuations (bottom) of velocity fluctuations
along the wake axis.
The fact that pressure drag is only marginally different the measured total drag demonstrates how
for the case of a solid cylinder the viscous component o drag is negligible (see Figure 5.3). On the other
hand, the obtained surface pressure distributions are in agreement with those found in the literature
for similar Reynolds numbers and aspect ratios (Figure 5.5), showing the conditions at mid-span to
replicate a 2D situation.
Interesting to note is the fact that the vorticity ratio decreased from 0.4 to 0.25 across the tested
flow speeds. This is unexpected as the fraction of vorticity contained in the shear layer which makes
its way to the developing vortex should remain constant. Tests on different configurations will help
understand what is causing this decrease.
Regarding the formation length, the fact that the shear layers appear to b crossing the wake axis at
similar distances from the leeward side of the cylinder is in agreement is in agreement with Gerrard’s
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suggestion that base pressure and turbulence intensity acts in opposing ways to keep this length scale
constant. Since porous coatings such as metal foams impact on both, this will constitute a main point
of discussion in the following chapters.

6Analysis of Results - Metal Foam Coatings
6.1 Vortex shedding Frequency f
The vortex shedding frequencies of the different coatings provided the first insight into the mechanics
of the vortex formation in the presence of porous coatings, and for this reason constitute the starting
point of the present study as well. While for the control case the external diameter of the perspex
cylinder was used (60 mm) all normalizations performed for the coating configurations were performed
using the external diameter 57.16 mm.1 All spectra data presented here has been smoothed for ease
of reading. For clarification on the conclusions drawn in the present chapter the reader is advised to
resort to the original data in appendix.
Strouhal number results are here compiled in Figure 6.1 for reference.
6.1.1 Full coating
Lower background noise values for the full coating in comparison to the ones obtained for the solid
cylinder are evidence of the stabilizing effect also described in the literature [21, 73, 88], as a decrease
in the bandwidth effects pointed out by Toebes [110]. This stabilizing effect is also associated with the
application of metal foams and porous coatings as vortex noise suppressors [19, 113].
It is important to note here that the coated and uncoated cylinders shed vortices at the same
frequency. Since St scales with d, the selection of d (which is not straightforward in the case of a
porous-coated cylinder) is critical. The same reference diameter was used throughout, in order to
ensure consistency and highlight phenomenon differences.
Regarding the mechanics of vortex shedding the fact that both have the same St is significant. For
two cylinders in the TrSL3 regime the cylinder with the smaller diameter will eject vortices at a higher
frequency, something well described in the study of aeolian tones [25]. For the case of the fully coated
cylinder the high permeability of the metal foam was expected to lead to the vortex shedding frequency
being that of a solid cylinder with the diameter of the core cylinder. The fact that the vortex shedding
frequency has not increased is explained by an increase in the length of the formation region caused
by the increase in turbulence intensity in the shear layers as they cross the metallic foam (increased
diffusion length). This is in agreement with Gerrard’s description of how increasingly turbulent shear
1 This was only possible since the difference in diameter was too small to introduce a change in the vortex
regimes outlined by Zdravkovich [42].
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Fig. 6.1: Strouhals number for all configurations.
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Fig. 6.2: Vortex shedding frequencies for the fully coated case.
layers tend to coalesce further downstream, increasing the vortex formation length and reducing the
vortex shedding frequency [45].
The works by Bloor and Gerrard [41, 44, 45, 100] suggest that for this porous configuration the
base pressure should be lower than that of the baseline case as the entrainment into the near-wake was
favoured by the porous interface. This was in fact registered, and will be analysed in section 6.3.
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Another two aspects of the wake fluctuation spectra for the fully coated case are still worth men-
tioning: the peak velocity fluctuations at the vortex shedding frequency were higher than those of
the solid cylinder case by approx. 0.05 to 0.08, hinting at the measured increase in vortex strength
(section 6.5) which will earn our attention later on. In addition the fluctuations at 25 m/s were lower
than those at 30 m/s, also in agreement with vortex strength data.
6.1.2 Leeward coating
Results for the leeward coating configuration (Figure 6.3) show the same decrease in background noise
and increase in tonal distributions. This is in agreement with a higher vortex strength and indicates a
change in vortex strength coupled with an increase in vortex shedding frequency, which should correlate
with an increase in base suction. Because the obtained base pressure was higher this constitutes the
first instance of decoupling in vortex shedding parameters attempted in the project.
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Fig. 6.3: Vortex shedding frequencies for the coated leeward case.
Regarding the change in background noise, the fact that the spectrum shows lower intensities at
lower frequencies indicates a stronger suppression of the fluctuations, in agreement with the results
for the fully coated configuration, and suggesting that this stabilizing effect was mainly due to the
leeward coating (confirmed by the fact that the pressure distributions can be superimposed, as will be
seen later on in section 6.3).
6.1.3 Windward coating
The hot-wire spectra for the windward coating configuration validates what has been suggested in
the previous section about the stabilizing effect of porous leeward coatings: it can be observed from
Figure 6.4 that the low frequency fluctuations and background noise are higher than the ones found
for the leeward coating configuration (Figure 6.3).
The windward coating configuration produces stronger vortices by facing the incoming flow with a
nearly flat inner surface, forcing the air to go through a half coating before going over the foam/wall
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Fig. 6.4: Vortex shedding frequencies for the coated windward case.
interface after which they are finally ejected (Figure 6.5). The location of detachment will be addressed
in section 6.3, but from the geometry of the configuration alone it would be reasonable to refer how
this configuration is behaving in a similar manner to that of a flat plate (this comparison is validated
by the Strouhal number [114]) as referred in Figure 6.5.
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Fig. 6.5: Foam/wall interface for the coated windward case - the arrows do not indicate streamlines.
If the shear layers detach at the foam/wall interface this configuration should behave in a similar
way to the one obtained by Gerrard’s [45] vertical plate (Figure 2.21). However Gerrard demonstrated
that when placed within the formation length the vertical splitter plate forced the vortices to detach
at its edges, decreasing the formation length and causing the vortex shedding frequency to increase
[45]. Results show, however, that the vortex shedding frequency has decreased rather than increased.
This constitutes more evidence that if the right parameters are altered the formation length no
longer behaves as described in he literature [41, 44, 45, 100], particularly regarding its relation with
formation length.
6.1.4 270◦ coating
Figure 6.6 shows that the Strouhal number for the 270◦ configuration is higher than the one obtained
for the solid cylinder. This must necessarily reflect some fundamental difference in the detaching shear
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layers since the vortex shedding frequency of the fully coated configuration was similar to the baseline
case.
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Fig. 6.6: Vortex shedding frequencies for the 270 coating case.
Because the 270◦ coating appears to behave in a similar fashion to that of the fully coated, albeit
with lower predicted vortex strengths this means that the incoming flow, in covering the solid windward
and flowing into the foam coating will lose a substantial amount of momentum. For some Re, the flow
around the 270 case behaves similarly to the fully-coated one, but with lower vortex strength. This
suggests that the discontinuous step in the surface causes a substantial momentum loss which should
become apparent in the drag comparison.
6.2 Drag coefficient CD
Drag results for all tested cases are presented in figures 6.7a and 6.7b. All configurations present
constant drag coefficients along the Reynolds number range, which is associated with a steadiness in
vortex shedding regime [23, 42]. This is in agreement with the stabilizing effect described by Klausmann
& Ruck [19] and Sueki et al. [6], as the application of the porous coating induces the generation of an
entrainment flow which increases in proportion to the speed itself, balancing the overall drag over the
body.
The full coating configuration increased the drag coefficient by approx. 4%, while the 270◦ coating
and the coated leeward configuration decreased by roughly 9% (Figure 6.7b). This value of 4% is above
the estimated uncertainty of the load cell.
The analysis of these effects is twofold: on one hand it should be noted how the differences are not
substantial. A difference of only 4% in drag shows how the metallic foam does not, if applied properly,
increase drag in a way which can make it inefficient or counter-effective.
On the other hand, the pattern arising from the results shows that when applied in the windward
of a cylinder the metallic foam increases drag, whereas if applied in the leeward side it decreases it
(except for the full coating configuration). This is in agreement with data previously published by
Ruck [19].
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It is known that the application of a porous coating over a cylinder produces an entrainment layer
which remains attached to the cylinder for longer, filling the lower pressure region and decreasing
the base pressure and subsequently reducing drag [13, 19, 21]. The mechanics of such an entrainment
mechanism are reasonably well understood and described by Galbraith [87]. The momentum losses in
the coating can be obtained from drag comparison.
6.2.1 Full coating
As presented in Figure 6.8 the viscous/foam component makes up nearly 13% of the total drag for the
fully coated configuration. It is interesting to compare the pressure drag of the fully coated cylinder
with that of the solid cylinder.
Should it be a matter of leeward coatings decreasing the pressure drag and windward coatings
increase its viscous counterpart, could it be possible to observe both effects for the fully coated case?
If so the fully coated cylinder would have a lower pressure drag component but a higher viscous drag.
Applying a full coating of metal foam over the cylinder decreased the pressure drag by as much as
9% at Re = 3.73 × 104 (compare Figure 5.3 with Figure 6.8. To understand if this is caused by the
generation of an entrainment layer into the base pressure region results for the leeward coating will
have to be analyzed.
6.2.2 Leeward coating
The pressure component of drag for the leeward coating case was found to be 36% lower than that of
the fully coated configuration (Figure 6.9).
The viscous/foam drag coefficient has increased by a substantial amount, to the point of becoming
four times larger at Re = 7.45× 104. In order to understand how these mechanisms have been affected
it will be necessary to analyse the surface pressure data (section 6.3), but for now it can be pointed
out that this is likely caused by air flowing into the foam at the step, losing more momentum than in
the case of a fully coated cylinder.
6.2.3 Windward coating
The windward coating configuration constitutes a pathological case in comparison with the other
configurations since the integration of the pressure coefficient over the model surface produced higher
values of CDp than those of the total drag measured with the load cells (Figure 6.10). This means
therefore that the viscous drag coefficients have no physical meaning although both total and pressure
drags can still be compared with their counterparts in other configurations.
The windward coating has, as expected, the highest of all measured total drag coefficients. This
was attributed to the increase in foam drag in the windward and pressure drag all around the cylinder
circumference.
Regarding the pressure drag coefficient this has been maximized by the windward coating, in agree-
ment with the flat plate analogy as the increase in pressure drag is likely to come from a combination
of two effects: the air, now entrapped in the foam in the side of the model facing the flow because
of the step foam/wall interfaces at 90 degrees from stagnation exerts a stronger pressure over the
windward side of the model; and the immediate separation forced by the foam/wall interface causes
the detaching shear layers to divert from the cylinder surface at a higher speed and further away from
the base pressure region causing this to enlarge and increasing the base suction. This description is
corroborated by surface pressure data.
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Fig. 6.7: Total drags and drag coefficients for the different configurations at different speeds.
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Fig. 6.8: Pressure (in red) and total drag (in blue) coefficients for the full coating case.
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Fig. 6.9: Pressure (in red) and total drag (in blue) coefficients for the leeward coating case.
6.2.4 270◦ coating
The pressure drag coefficient along the Reynolds range for the 270◦ coating can be compared to that
of the cylinder for which only the leeward side was coated. This similarity (both values differ by no
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Fig. 6.10: Pressure (in red) and total drag (in blue) coefficients for the windward coating case.
more than 6%) is due to the fact that both configurations share two important features: both have
coated leeward sides but no coating at the stagnation point.
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Fig. 6.11: Pressure (in red) and total drag (in blue) coefficients for the 270◦ coating case.
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This pattern of pressure drag reduction in both the windward and leeward was the reasoning before
the initial design of the 270◦ coating, and by comparing both figures 6.9 and 6.11 it can be observed
that it seems to have been validated. More considerations on the effect of the 270◦ coating on local
pressures will have to be left for the surface pressure distribution section (section 6.3).
The viscous/foam drag coefficient now varied between 0.34 and 0.39, lower than its leeward coun-
terpart but still higher than the fully coated cylinder.
The flow mechanics introducing an increase in foam drag in the leeward configuration appear to
be also present in the 270◦: By applying the coating earlier on over the cylinder the separation point
is delayed, decreasing the pressure drag (see Figure 6.12). This new separation position is probably
located earlier than the one for the leeward coating, meaning that even with a decrease in viscous/foam
drag (compare viscous/foam drag coefficients in Figures 6.9 and 6.11) the pressure drag is slightly
higher, resulting in a fractionally higher total drag.
It was not possible, however, to either confirm or refute this hypothesis experimentally given the
impossibility of measuring shear stress under the coating.
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Fig. 6.12: Comparison between 270◦ and leeward coatings (the arrows do not indicate streamlines).
6.3 Surface pressure distribution
6.3.1 Full coating
The pressure distributions over the fully coated configuration (Figure 6.13) show a difference in regime
from Re = 3.73 × 104 to the remaining speeds, in agreement with what had been observed for the
solid case. The most evident difference between the pressure distribution for the coating configuration
and the fully coated case is the absence of a local minimum at approx. 70◦, usually associated with
the detachment and recirculation process presented in the literature (Figure 5.5). This was attributed
to the triggered turbulent transition and entrainment layers which allow the flow to cover more of the
cylinder circumference. This decreases the recirculation after detachment, causing the shear layer to
detach at a lower speed at around 90◦. The assumption that the detachment is still occurring is based
on the pressure plateau which also manifests itself in the fully coated case, even if in the absence of
said pressure drop pre-detachment.
As it an be observed from Figure 6.13 the pressure distribution for the full coating configuration at
Re=3.73× 104 is not represented by a straight line, and it can be seen that the lines which indicates
it “wiggles”, particularly at lower speeds. It was not fully understood what was causing this variation
in the pressure distribution.
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Two hypothesis have however been put forward: since for ease of manufacturing reasons the pressure
prob taps were not placed in line, but rather in a spiral over the cylinder surface, it could be possible
that the difference in longitudinal coordinates was originating this skewness in the surface pressure
results. Since in the case of the solid cylinder tests the pressure tap holes were placed in line with each
other that would be the reason why no similar phenomenon was observed for the solid cylinder case.
It is also possible that this pattern in surface pressure values across the cylinder surface is caused
by the presence of the metal foam, increasing fluctuations at lower speeds. Since this pattern was
also observed for the 270◦ and leeward coating cases at Re=3.73× 104 and for the windward coating
configuration up to Re=3.73×104 this hypothesis has been considered more likely than its counterpart.
0 20 40 60 80 100 120 140 160 180
 [°]
-2
-1.5
-1
-0.5
0
0.5
1
C
p
Re = 3.73  104
Re = 5.58  104
Re = 7.45  104
Re = 9.32  104
Re = 1.12  105
Fig. 6.13: Cp distribution for the full coating case.
6.3.2 Leeward coating
Results for the leeward coating configuration (Figure 6.14) show the same difference in distribution
between the Re= 3.73× 104 test and the remaining cases.
Most importantly, it has been found that, unlike what had been observed for the full coating
configuration, the pressure drop at 70◦ is present for this partial coating configuration. This provides
information on the flow over partially coated cylinders in two ways: on one hand, the fact that the
detachment is occurring before 90◦ means the detachment is happening before the flow encounters the
coating; on the other hand, this indicates that the presence of a leeward coating generating a pressure
step and consequent entrainment layer is not enough to prevent the flow from acting as if the cylinder
was completely solid after covering the solid windward half.
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While for the solid case the pressure drop at 70◦ reaches roughly the same value as that of the
base pressure plateau (Cp = −1.5), for the leeward coating case it can be observed that this drops
significantly in comparison to the base pressure (-1.44 at the drop vs -1.2 at the plateau). This difference
in pressure values has been attributed to a Coanda effect forcing the escaping shear layer into the foam,
thus compensating for the separation.
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Fig. 6.14: Cp distribution for the leeward coating case.
6.3.3 Windward coating
Initial concerns regarding a possible under-sampling for the windward case were dismissed on the
grounds that there was substantial agreement in the scattering of all five speeds: should the irregular
behaviour be due to bad sampling then there would be no agreement or overlapping between results
at different speeds. The performed Monte Carlo simulation on the surface pressure uncertainty proved
the results to be reliable.
The same trend in pressure distribution for the full coating was found for the 270◦ coating indicating
that the flow around both cases should be similar.
6.3.4 270◦ coating
All configurations seen so far do not force the deatchment at a location other than 70◦. For both the
leeward coating and the solid cylinder the pressure drop is located at the same point, and while for
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Fig. 6.15: Cp distribution for the windward coating case.
the fully coated cylinder there is no evident pressure drop it can be argued that the plateau starts at
a similar value of θ.
For the 270◦ coating, however, the separation is made somewhat evident at the location of the
foam/wall interface, since the base pressure plateau now begins at 45◦ from stagnation, rather than at
90◦ as observed for the other configurations. The pressure coefficient profile between 0◦ and 45◦ mimics
that of the solid cylinder, in agreement with what had been referred about the distribution in pressure
coefficient for each configuration being obtained from a combination of results for the reference case
or the fully coated.
In addition to this trend there is the already referred absence of drop, with instead a base pressure
plateau at a Cps ≈ −1.2. The sudden increase in pressure just before 60◦ has been explained with a
recirculation following the foam/wall interface, followed by the separation (constant base pressure). It
should be noted, however, how although the flow is believed to detach it does so with different base
pressures.
6.4 Base pressure parameter k
Since the base pressure coefficient is constant for all speeds provided these are in the same vortex
shedding regime the results were not plotted as a function of flow speed as done before, but rather put
together in Table 6.1 for all coating configurations.
Both the solid cylinder and the windward coating have base pressure parameters around 1.58, while
the fully coated cylinder, as well as both the leeward and 270◦ coatings have substantially lower base
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Table 6.1: Average base pressure parameter k for all configurations (excluding results at Re=3.73×104).
Solid
cylinder
Full
coating
Leeward
coating
Windward
coating
270◦
coating
1.59 1.50 1.49 1.58 1.49
pressure parameters of around 1.49. This brings the analysis back to Roshko’s statement that k could
provided a “measure of bluffness”, and it can be observed how the coatings which favour the generation
of entrainment layers and decrease the wake width have lower base pressures in comparison with the
ones which present earlier separations.
This difference in values can be identified by comparing the plots in Figure 5.4 and 6.13 to 6.16.
It is worth mentioning here how little the remainder of the coating appears to affect the base pressure
provided the leeward is coated, as a lower speed region is generated in the near wake by the entrainment
layer (Figures 6.22b and 6.17b). As a consequence the full coating configuration, although having twice
the area covered in the leeward configuration, has a base pressure coefficient only 0.27% higher.
For all the expectations regarding a delayed separation for the 270◦ configuration and that it would
reduce the base suction, it has produced roughly the same result as those of the other configurations
where the leeward side is covered. It would seem, therefore, that because the length scale of the porous
material in use is much smaller than that of the cylinder, the base pressure is indifferent to the coating
configuration as a whole.
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(a) Averaged velocity distribution for the fully coated
cylinder.
(b) Averaged velocity distribution for the leeward coat-
ing configuration.
Fig. 6.17: PIV data for the full and leeward coating configurations at Re = 7.45× 104.
6.5 Vortex strength Γ
All porous coatings have increased the vortex strength.
Since for partial coatings with solid leeward sides the base pressure is that of the solid case there
is reason to believe that,making use of Equation 2.29, the difference in vortex strength must be due
to a change in vorticity losses, which should relate to a difference in vorticity ratio ǫ.
This increase in vortex strength was associated to the phenomenom described by Gerrard [45]
through which a forming vortex draws vorticity from the turbulent part of the shear layer as this flows
into the formation region. Since the porous coatings increase the turbulence level of the shear layer, the
increase in vortex strength is not only because vortices are retaining a higher amount of the vorticity
initially contained in the shear layer but the also the ability of the forming vortical structure to acquire
vorticity from the surrounding turbulent flow.
6.6 Vorticity ratio ǫ
The application of other porous coatings has shown ǫ to vary significantly, and it is here worth com-
paring the vorticity ratios in Figure 6.19 with the vortex strengths presented in Figure 6.18a.
Results show that vortex strengths do not correlate with vorticity ratios, namely with the inclusion
of the windward coating which produced the largest and strongest vortices (Figure 6.18a) while simul-
taneously having the lowest vorticity ratio [112] of all coatings. When this result is contextualized in
the balance between flows b and c in Gerrard’s scheme it can be understood that given its flat plate-like
behaviour the windward coating is capable of stronger vortices, but because of the step separation at
the foam-wall interface and the lower base pressure more of the flow recedes as c and eventually its
circulation is lost as described by Gerrard [45].
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(a) Vortex strengths three diameters downstream from the cylinder.
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(b) Vortex strengths eight diameters downstream from the cylinder.
Fig. 6.18: Vortex strengths three and eight diameters downstream from the body (the measurements
eight diameters downstream is performed outside of the end plate span).
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Fig. 6.19: Vorticity ratios for different configurations.
Even though configurations with higher vorticity ratios are also ejecting stronger vortices this does
not happen in the same proportion (notice how both the 270◦ and the full coating configurations
have nearly the same ǫ at Re=7.45 × 104 but the partial coating ejects much weaker vortices). This
discrepancy means that by coating the cylinder with metallic foams the vortex strength was affected
not only because of the amount of vorticity contained in the detaching shear layer itself but also
because of the near-wake formation losses. Since this had already been highlighted for the particular
case of the windward coating it may not seem as significant, but its direct implication is that, from
a point of view of flow control, metallic foams do indeed interfere with wake mechanics rather than
simply altering the shear layer.
Normalized vorticity losses were plotted in Figure 6.20. The windward configuration appears at the
top of the plot with the highest losses and the remaining configurations form a cluster at lower values.
Vorticity losses for the leeward coating were estimated to be the highest of the remaining, since this
configuration has the lowest ǫ as well. Because this configuration’s base pressure is much higher than
that of its windward configuration it was deemed unlikely that the same mechanism involving flow c
was responsible for such vorticity losses, and therefore it is more likely that the vortex loses vorticity
at its formation either to the surrounding flow or to the remaining vortical structures.
At Re=7.45×104 both the full coating and 270◦ configurations are estimated to have approximately
the same vorticity ratio. However, vorticity losses were also estimated to be higher for the fully coated
cylinder. This would hint that a larger amount of vorticity was originally contained in the boundary
layer detaching from the full coating cylinder. This is in agreement with results for Re=6 × 104 and
Re=9.8× 104, at which even though the vorticity losses are the same, the vorticity ratio of the fully
coated cylinder is higher. This means that the amount of vorticity contained in the shear layers being
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Fig. 6.20: Normalized vorticity losses.
detached from the full coating was higher as well. This was found to be in agreemetn with results
presented in the literature [115].
6.7 Wake thickness d′
The wake thickness was estimated using the formulation suggested by Roshko [35] making use of the
base pressure parameter as presented in chapter 3. Results are presented in Figure 6.21.
This difference in wake thickness between the baseline case of the solid cylinder and the full coating
configuration was also observed in the preliminary PIV tests (Figure 6.22).
After detachment each of the shear layers is slowed down by the back pressure in the near wake,
meaning the speed at which the vortices are convected downstream uv (retrieved from LDA phase-
average) is in fact different from the speed at which the shear layers are indeed ejected (obtained from
streamline theory model k = us/U∞).
It follows, from the previous analysis, that the relation between convection speed uv and shear layer
detachment speed us should depend on the vorticity ratio ǫ. Moreover, it is possible to relate these with
the base pressure in order to understand which of the flow components is dominant in determining
how much of the total original vorticity is lost in the vortex formation process.
Recall Gerrard’s scheme [45] where the shear layer is shown to be diverted towards the three already
known different directions. From the point of view of the vortices being shed, the velocity contained in
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Fig. 6.21: Variation of wake thickness with Reynolds number for all configurations.
the detaching shear layer will supply them with both rotational (uθ) and translational speed (U∞−uv).
Making use of von Ka´rma´n’s relation [31] (where T is the length of one vortex shedding period)
uv
U∞
= 1− l
l0
, l0 = U∞T (6.1)
it is possible to relate the vortex relative speed with the shear layer speed predicted by the streamline
theory. If on the other hand attention is drawn to the phase-averaged velocity fields it is possible to
extract the vortex rotation speed and plot it against incoming flow speed.
This analysis is presented in Figure 6.23, and illustrates how different coatings distribute speeds in
different ways. The convection speed as a fraction of the original shear layer speed is roughly constant
(approx. 0.33) throughout the analyzed Reynolds number range. This seems to be in agreement with
Gerrard’s statement that the amount of circulation entrained through direction a is constant [45], and
would give credibility to the hypothesis that the vorticity ratio can be related to uθ/us.
The superposition of data regarding uθ/us and ǫ (Figure 6.24) shows the correlation between both
parameters, and highlights how as the Reynolds number increases the ratio between vortex rotation
speed and shear layer speed decreases, producing lower vorticity ratios. Based on the uncertainty
estimations provided in Appendix A the uncertainty of the ǫ values was estimated at a maximum of
0.176, with a more conservative estimation being half this value, 0.088. The maximum uncertainty on
the values for uθ/us was found to be 0.1131.
While the discrepancies between both lines could help identifying where the streamline theory fails
to accurately predict the vortex strength (which could be related to the turbulence intensity of the
flow in a similar way to that described by Gerrard [45]), the similar trend of both lines is related to the
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(a) Averaged velocity distribution for the solid cylin-
der.
(b) Averaged velocity distribution for the fully coated
cylinder.
Fig. 6.22: PIV data for the full coating and solid configurations at Re = 7.45× 104.
vortex efficiency, as it indicates how much of the shear layer speed is convected in the curling motion
and ends up entrapped in the vortex.
Let us take the theoretical shear layer vorticity Γ0 = k
2U2
∞
/ (2f) and relate it to Batchelor’s vortex
formulation [41]. The ratio of both should yield ǫ, thus producing the vorticity ratio as a function of
shear layer and rotation speeds. Representing the vortex strength as a function of maximum rotation
speed uθ:
Γ =
1
1− e−α 2πrcuθ (6.2)
If we now divide this by the total vorticity contained in the detaching shear layer
ǫ =
Γ
Γ0
=
1
1− e−α 2πrcuθ
1
2f
k2U2
∞
, k = us/U∞ (6.3)
the final expression for ǫ as a function of the vortex velocity components in the wake is obtained:
ǫ =
uθ
us
[
4fπrc
us (1− e−α)
]
(6.4)
Both the results presented in Figure 6.24 and Equation 6.4 show how vorticity ratio should then
relate to uθ/us directly. This topic will be reviewed in more detail in chapter 8.
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Fig. 6.23: Near-wake velocity decomposition of shear layer speed us into rotational speed uθ (in blue)
and convection speed uv (in red). (a) Solid cylinder (b) Full coating (c) Coated leeward (d) Coated
windward (e) 270◦ coating
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Fig. 6.24: uθ/us and vorticity ratio ǫ. (a) Solid cylinder (b) Full coating (c) Coated leeward (d) Coated
windward (e) 270◦ coating.
6.8 Formation Length lf
By analysing the formation length results it was possible to verify the decoupling between vortex
shedding frequency and this length scale introduced by the metal foam coatings. If the formation
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length is defined as the point at which the second harmonic reaches its maximum it seems that in the
presence of porous coatings this value is again not constant, unlike the wake crossing location described
by Roshko [9] and Gerrard [45].
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Fig. 6.25: Second harmonic of the velocity fluctuations downstream from the model. (a) Solid cylinder
(b) Full coating (c) Leeward coating (d) Windward coating (e) 270◦ coating.
As it can be observed in Figure 6.26 the standard deviation abruptly changes at a well defined
distance from the cylinder. This is in agreement with what is usually postulated about the formation
length and in agreement with data presented by Bloor & Gerrard [41]. This stabilizing effect on
formation length could then be the reason behind the decrease in vortex shedding scattering, and
justify the metal foam capacity of reducing aerodynamic noise described by Geyer [113, 115].
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Fig. 6.26: Standard deviation profile of the velocity downstream from the cylinder along the wake axis;
(a) Solid cylinder (b) Leeward coating (c) Windward coating (d) 270◦ coating.
6.9 Comparison with other scalings - Stf , StB and StCD
A comparative analysis with other scalings with special attention to the relation between drag and
vortex shedding frequency was performed by applying other scalings mentioned in the literature to the
measured data. These are the wake Strouhal number introduced by Roshko [9]
Stf =
fd′
U∞
(6.5)
the corrected Strouhal by Bearman [54]
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StB = St
d′′
kd
(6.6)
and the drag per vortex shed, also by Bearman [54]:
StCD (6.7)
6.9.1 Wake Strouhal number fd′/U∞
The premise behind the wake Strouhal number is that the original normalization of the vortex shedding
frequency is inaccurate since it considers the body dimensions rather than the wake it generates and
therefore should prove unable to collapse different shapes onto one single wake description.
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Fig. 6.27: Comparison between standard (a) and wake Strouhal numbers (b) for different coating
configurations.
When the vortex shedding frequency of the different coating configurations was scaled using the
wake thickness d′ rather than the cylinder diameter results did not collapse, highlighting how the
different configurations produced different wakes (Figure 6.27). In order to understand what is causing
the difference in wake thickness for virtually the same vortex shedding frequency the wake thickness-
base pressure distribution was also plotted in Figure 6.28 (recall how according to Gerrard [45] the
base pressure is inversely related to the distance between detaching shear layers for solid cylinders).
The similarity in results for both leeward and 270◦ coatings is in agreement with other results
analysed so far, since the length scale of the metallic foam is sufficiently small in comparison for the
flow to behave in a similar fashion in the leeward side of the cylinder regardless of the coating over its
windward section.
This does not apply to the fully coated configuration, for which the boundary layer over the cylinder
is made turbulent from the stagnation point and therefore the wake thickness increases (same base
pressure but higher wake thickness in Figure 6.28). The same wake thickness for the 270◦, leeward, and
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Fig. 6.28: Wake thickness and base pressure distribution for different coating configurations.
windward coating is likely to be related to a balance between detachment position and base pressure: as
much as the two shear layers detach at a larger distance for the windward coating (flat plate analogy),
its lower base pressure will cause the wake to compress, thus retaining the same thickness as that of
the other partial coatings.
As seen in Figure 6.27 the higher wake St of the full coating configuration is directly related to
its enlarged wake, whereas the 270◦ and leeward coatings no longer overlap in spite of having the
same base pressure and wake thickness. This is a consequence of the difference in vortex shedding
frequencies, where the 270◦ coating is ejecting vortices at significantly higher rate. The question is
then, “what would cause two bodies with the same base pressure and same wake thickness to eject
vortices at different frequencies, and what scaling could collapse these two cases?”. The answer lies in
their surface pressure distributions (Figure 6.29).
As the shear layers over the foam-wall interface at 45 degrees from stagnation are forced to detach
these will reach the leeward of the cylinder with a lower speed than for the leweard coating case, and
therefore decrease the base suction causing them to curl into a vortical structure in the near-wake of the
cylinder. This hypothesis is corroborated by the vortex relative speeds of both configurations, which
do indeed show that the vortices are ejected at a lower speed by the 270◦ configuration (Figure 6.30).
It is now clear how in order to fully describe the vortex formation mechanism in the near-wake of a
cylinder the vortex speeds along with the shear layer speed are required, which constitute the basis of
the scaling here developed.
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Fig. 6.29: 270◦ and leeward coating surface pressure distributions at Re = 1.12× 105.
6.9.2 Corrected Strouhal number StB = Stl/ (kd)
In 1967 Bearman [54] suggested that the Strouhal number St should be corrected in order to include
both the base pressure parameter k and two characteristic lengths, the distance between vortices along
the wake axis l and the bluff body diameter d. Much in the same way the wake Strouhal number
relates vortex shedding frequency to wake thickness, the corrected Strouhal number relates it to the
distance between vortices. Since this distance l relates to the vortices’ relative speed which has been
proven to be a parameter to take into account when scaling the vortex shedding frequency this scaling
is particularly promising. However, as the scaling fails to colapse all configurations it would seem to
be just as effective as its wake counterpart (Figure 6.31).
6.9.3 Drag per vortex StCD
The product StCD describes the drag applied over the bluff body per vortex being shed (per half
period). This can be understood by representing each parameter by its equation
StCD = f
d
U∞
D
1
2
ρU2
∞
d
(6.8)
With the right algebraic treatment the previous equation can be written in terms of incoming
kinetic energy
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Fig. 6.30: Vortex relative speeds for both leeward and 270 coatings.
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Fig. 6.31: Strouhal number corrected by Bearman [54].
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1
2
dD
4f
ρU3
∞
d
=
1
2
dD
1
Ek
(6.9)
which simplifies into
StCD =
Dd
2Ek
(6.10)
whereD is the total drag applied over the body and Ek the kinetic energy contained in the incoming
flow per half period. Results were here plotted both in value and distribution in order to reflect the
relation between CD and St.
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Fig. 6.32: StCD with Reynolds number for different configurations.
Results for the values of StCD differ by 14% from the values predicted by Griffin [55] but are
similar to the ones put together by Zdravkovich [42] and Bearman [54]. Partial configurations with
coated leewards have nearly identical values, whereas the windward configuration presents significantly
higher StCD values.
The discrepancy between the fully coated and solid configurations was attributed to the increase
in drag induced by the metallic foam, as the fully coated configuration presents higher values for StCd
while having a similar Strouhal number. If the measured values of both St and CD are plotted as
a distribution it is possible to identify the clusters formed by each kind of configuration. This is of
especial importance in describing vortex shedding since like the state-space approach it allows us to
compare the vortex shedding mechanics of the different configurations.
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Figure 6.33 highlights the similarity of the vortex shedding mechanisms for both 270◦ and leeward
coating configurations. In addition to these clusters it shows how the application of metallic foam
coatings decouples values such as the vortex shedding frequency and drag: by applying a full coating it
was possible to obtain a bluff body with the same vortex shedding frequency (same Strouhal number)
but different drag coefficients, while if the 270◦ and leeward coatings are compared it can be seen how
it is also possible for bluff body configurations to have the same drag but eject vortices at different
frequencies. This decoupling will be of especial relevance when Gerrard’s experiment is replicated.
7Analysis of Results - Additional Experiments
In addition to the tests on metal foam coatings other test configurations were performed, namely a
cylinder combined with a flat plate to decouple vortex shedding frequency from drag and cylinders in
non-uniform radius to understand the effect off porous coatings over base pressure and separation.
Results for both sets of additional experiments are described in the present chapter.
7.1 Cylinder in tandem with flat plate
The experiment performed by Gerrard [45] (Figure 2.21) of placing a flat plate in the wake of a cylinder
oriented perpendicularly to flow was replicated and its results compared with those of a cylinder coated
in sandpaper.
The objective was to decouple St from CD by producing a flat plate + cylinder configuration with
the same Strouhal number as that of the fully coated case and a cylinder covered in sandpaper with
the same drag coefficient. Results were plotted as a St-CD distribution as presented in Figure 7.1. This
included sandpapers with relative roughnesses of 7.70× 10−4, 2.08× 10−3 and 3.35× 10−3, compared
to flat plates located at downstream from the cylinder at distances ranging from 0.2d to 2.2d with
intervals of 0.5d.
If attention is first drawn to the distribution in Figure 7.1(a) it can be observed how most of all
configurations produce well defined clusters. As seen in the previous chapter for all configurations this
amounts to a constant StCD of approx. 0.25.
Aiming to decouple these parameters the two sets of experiments were performed in order to
produce cases with the same vortex shedding frequencies but different drag coefficients and vice-versa.
Sandpaper coating tests indicate a decoupling trend as speeds are increased, as it can be seen for
sandpapers with kd/d = 2.08 × 10−3 and 3.35 × 10−3. For the finest grid
(
7.70× 10−4), however,
results seem to form a cluster with Strouhal numbers at roughly 0.21 and a stable drag coefficient at
around 1.75. This change in pattern seems to suggest a change in regime if the roughness is increased,
which would be in agreement with the assumption that of all the configurations tested in the Gerrard
experiment this is the one which resembles the solid cylinder the closest, validated by the proximity
of its results to those of the baseline case.
Flat plate tests shed light on the relation between the vortex shedding mechanism and the drag
applied over the cylinder. As explained by Gerrard [45] if a flat plate is positioned in the back of
a cylinder the vortex will only initiate its formation after surpassing the flat plate rather than the
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Fig. 7.1: Strouhal-Drag distribution for the decoupling experiments
cylinder leeward, meaning therefore that the formation length should start at the flat plate surface,
rather than the location on the cylinder opposite from the stagnation point.
When the flat plate was located one radius downstream from the cylinder the drag coefficient was
roughly constant with a slight decrease from 1.5 to 1.4. This trend has been attributed to the flat
plate being so close to the cylinder that it is engulfed in the recirculation region and therefore does
not significantly affect the drag as it does not significantly affect the base pressure. When the speed is
increased, however, the mentioned recirculation speed will decrease as the formation length contracts.
This in turn is probably increasing the base pressure on the plate decreasing the total drag applied on
the cylinder.
As the plate is successively brought further downstream it will continue this effect, causing the
drag to slightly decrease for all configurations (Figure 7.2a).
Results for the vortex shedding frequency (Figure 7.2b) show a decrease in vortex shedding fre-
quency as the plate is moved further downstream (note that except for the last position, 2.5D away
from the cylinder leeward, all configurations yield higher vortex shedding frequencies than that of the
baseline case). As the flat plate is moved downstream it delays the rate at which the vortices are shed.
By now it has been observed how the size of the formation length can be decoupled from the vortex
shedding frequency. With the plate at 2.5d away from the cylinder both the drag coefficient and the
Strouhal number coalesce into a cluster similar to that of the coating configurations in study. After a
certain distance from the leeward the flat plate disturbance is small enough for the body to once again
“behave as a cylinder”. This abrupt change in Strouhal number is in agreement with Gerrard [45],
who also found the vortex shedding frequency to be lower than that of the solid cylinder after the flat
plate cleared the formation length distance. Because as the flat plate clears away from the cylinder it
reduces the drag exerted over the body while affecting the vortex formation it provides information
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Fig. 7.2: Drag and Strouhal number for different flat plate positions.
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on how the formation length and base pressure relate. For a flat plate located at either 2d or 2.5d the
cylinder will experience the same drag. This means therefore that the flat plate effect on base pressure
remains constant regardless of the distance from the body (of course, it is expected to decrease after a
certain point if positioned sufficiently far away from the body). It would seem therefore that from two
diameters onwards the flat plate is no longer affecting the base pressure in the same way it is affecting
the length of the formation length.
By placing a flat plate in the wake of a cylinder it will generate a “cushion effect” which decreases
the base suction and therefore the drag over the cylinder as described by Gerrard [45]. It seems that
if placed within the formation length the plate generated a cushion and disrupted the normal vortex
formation; when placed immediately outside of it, it allowed the vortices to be produced, but by
entrapping them once these had curled into the gap produced by cylinder and plate it generated the
same change in base pressure.
The understanding this experiment provided on the interdependence between formation length, base
pressure and vortex shedding was then applied to tests where the porous coatings were removed from
the coated configurations, resulting in truncated profiles. Results are presented in the next chapter.
7.2 Cylinders of non-uniform radius
7.2.1 Vortex shedding frequency
The vortex shedding frequency was evaluated for both windward and leeward coating configurations
when the foam was removed (Figure 7.3). The vortex shedding frequency of the no foam windward
was lower than any of the other configurations tested so far. This was caused by the distance between
shear layers already mentioned, as the Strouhal number no longer increases with k.
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Fig. 7.3: Vortex shedding frequency for removed foam configurations.
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Fig. 7.4: Drag coefficient comparison for coated windward and leeward and their removed foam coun-
terparts
7.2.2 Drag coefficients
Unlike vortex shedding frequencies, which were close to their coated counterparts, the total drag
coefficients were significantly different. For the removed leeward coating the foam is shown to decrease
the total drag coefficient by approx. 11%, which was attributed to the generation of the entrainment
layer as described by Galbraith [87]. This is associated with an increase in base pressure which was
also observed.
The drag coefficient of the windward coating configuration when the foam was removed was of
approximately 2. This matches that of a flat plate in perpendicular flow [116], suggesting that the
recirculation region in the near wake must be longer than the cylinder radius, or otherwise the base
pressure would increase to the point of decreasing the total drag coefficient.
7.2.3 Surface pressure distributions
The surface pressure distributions illustrate the induced separation which was expected for cylinders
with such truncated regions (Figure 7.5).
The step in surface pressure for the removed coating windward configuration is of course evidence
of such a separation, while the higher values before the 90◦ mark where the cylinder radius abruptly
increases are a consequence of the presence of the wall which prevents the acceleration of the flow as
it would in the absence of an obstacle.
7.2.4 Base pressure
While values for both removed foam configurations are fairly constant for all tested speeds, it is possible
to identify how the base pressure parameter is higher for the removed foam windward cases, where
the detachment at the wall edge will cause a stronger suction in the cylinder leeward. The similarity
in drag coefficient of this case and that of a flat plate [116] has been attributed precisely to this effect.
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Fig. 7.5: Surface pressure distribution for removed foam leeward (top) and windward configurations
(bottom).
When the removed foam cases are compared with coating configurations the differences in the
results stand out regarding the obtained base pressure parameters (Figure 7.6).
Since the step in surface happens after the predicted separation point for the removed foam in
leeward coating configuration this does not affect it and the base pressure is roughly the same as that
of the solid cylinder.
The removed leeward coating still produced a higher base pressure parameter than that of the
coated leeward. This is explained by the foam entrapping some of the recirculating flow in the leeward
side which increases the pressure in the back of the body. The fact that the separation does not seem
to be affected by the presence or absence of foam in the leeward is in agreement with what had been
observed before, and demonstrates how the increase in turbulence caused by the presence of the foam
is not responsible for the increase in base pressure.
It should be noted that the value of k for the removed foam windward case appears to be even
higher than that of a flate plate (approx. 1.55, according to Fage & Johansen [65]). This discrepancy
was attributed to the larger distance between shear layers after detachment.
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8Discussion
8.1 Vortex mechanics
Hot-wire measurements showed the porous coatings to consistently increase the vortex shedding fre-
quency, unlike what their effect on the base pressure would suggest [23]. The fact that the vortex
shedding frequency did not correlate with base pressure coefficient, especially when truncated cylin-
ders were tested in similar conditions (Figure 8.1) highlights how in the presence of porous coatings
or other forms of passive flow control the existing scaling is rendered inadequate.
Notice for example on Figure 8.1 how when a half coating was applied on the windward or the
leeward coating was removed these configurations presented the same base pressures as the baseline
solid cylinder case, although shedding vortices at different frequencies. Although it could be argued
that such differences in vortex shedding frequencies are often of around 10% of the measured values
these are still in contradiction with the postulated models for bluff bodies both in trend and absolute
value.
The configuration with the highest base pressure parameter windward coating was in fact the
one producing the lowest vortex shedding frequency. It was observed that when the metallic foam
was removed from the cylinder windward the vortex shedding frequency was 13% lower than that of
the solid cylinder. Because the base pressure parameter was increased this result was not expected,
although the base pressure parameter of approx. 1.6 is in agreement with that of a flat plate placed
perpendicular to the flow according to Fage & Johansen [65]. The obtained total drag coefficient of
2 is in agreement with the ones found in the literature [116], which means the only parameter left
to compare is the vortex shedding frequency itself. Chen & Fang [114] put the Strouhal number of a
flat plate at Re = 3.2 × 104 at approx. 0.2, which is higher than the 0.17 observed for the removed
windward foam case.
The reason for this difference was attributed to the presence of the curved surface in the leeward
of the removed foam case, which, even if not enough for reattachment (see Figure 7.5) is likely to
allow the detached shear layer to align with the surround flow, thus increasing the diffusion length
and decreasing the vortex shedding frequency. The fact that if the windward is coated with a porous
material its vortex shedding frequency will increase (accompanied by a decrease in k) gives some ground
to the assumption that the more turbulent shear layer will cover more of the surface in the leeward,
curling into the wake axis earlier.
This case is of special importance to the present project since it highlights the balance between base
pressure and shear layer diffusion which the author believes is the drive behind the effects of porous
136 8 Discussion
1.45 1.5 1.55 1.6 1.65 1.7
k
0.15
0.16
0.17
0.18
0.19
0.2
0.21
St
Solid cylinder
Full coating
Leeward coating
Windward coating
270 coating
No foam leeward
No foam windward
Fig. 8.1: Strouhal number as a function of the base pressure.
coatings in bluff body flows, and consequently their application as vortex shedding passive control
methods.
If attention is drawn to Figure 8.1 it can also be observed how all the remaining partial coatings
have increased the vortex shedding frequency. In the presence of decreasing base pressure parameters
this was attributed to the delay in detachment and consequent increase in vorticity contained in the
detaching shear layer as it leaves the cylinder further around its profile, curling earlier into the axis and
producing fully developed vortices closer to its leeward. Because a maximum in the velocity fluctuation
at twice the frequency at which the vortices are ejected corresponds to a point equidistant from two
consecutive vortices this should in fact identify the first point along the wake axis where two well
defined vortical structures have been shed. Since this point must be at the same distance from both
vortex centers it will necessarily depend on the spacing between every two vortices l. This spacing l is
given by:
l =
1
f
(U∞ − uv) (8.1)
Which explains why the maximum point of velocity fluctuations at twice the vortex shedding
frequency occurs later down the wake for coated configurations than for the solid cylinder case: even
if the shear layer crosses the wake axis closer to the body, vortices may still be convected downstream
at a higher speed.
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Fig. 8.2: Surface pressure distributions for all coating configurations at Re = 1.12× 105. [112]
As it has been shown by von Ka´rma´n [31] the distance l must necessarily be a function of the
vortex shedding frequency f and the vortex convection speed uv. And therefore in order to explain
this difference an appropriate scaling must take changes in convection speed into account. Because
both these parameters depend on the incoming speed the location of maximum fluctuations at 2f was
found to depend on the incoming flow speed.
It should be noted that Bloor & Gerrard [41] did hint at a position where both vortices could
be considered to be fully developed and aligned. It is well known that these will however curl up as
described by Abernathy and Kronauer [48], but results for the second harmonic of the fluctuations
show this value to remain constant from around 2d to 3d downstream from a solid cylinder, since no
significant losses occur immediately after the formation region.
This change in formation length is related to the decrease in the “swooshing” effect in the formation
length, as the diffusion length is made constant and thus decreasing the fluctuations in vortex shedding
frequency.
However, assuming the vortex strength was increased by this mechanism raises significant questions
regarding the estimation of vortex strength. Recall how the foam has been described to increase the
vortex shedding frequency and decrease the base pressure parameter (both effects corroborated by
results). As it can be observed from the vortex strength equation these effects should decrease vortex
strength, rather than increase. The only explanation is then that the vorticity ratio ǫ was increased.1
1 Computing the vorticity ratio for the coated configurations recurring to the same ǫ = Γ/Γ0 equation as for
the solid cylinder is only possible by assuming the pressure drop between the base pressure point under the
foam and immediately over it to be negligible.
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The following step was to evaluate the vorticity ratios as performed in the previous chapter, results
showing the metal foam configurations to have higher vorticity ratios than the solid cylinder baseline
case (Figure 6.19).
Even though the different configurations present values of ǫ spanning from just 0.4 to 0.55 one
would expect that vorticity losses in each of these cases occurred in a different manner depending on
the shape of the coating. In the case of the windward coating, the loss in vorticity is likely due to
the increase in base suction, which causes the detached shear layer to recede towards flow direction c
in Gerrard’s scheme [45]. Although the vortex strength increases with k, Gerrard explains how some
vorticity is lost against the cylinder surface [45]. Since data shows that the flow crosses the wake axis
closer to the cylinder than for other configurations there would be some ground to this hypothesis.
The fact that both the leeward and the 270◦ produce similar vortex strengths at similar vorticity
ratios gives ground to the hypothesis that the foam/wall interfaces in both configurations also produce
the same effects. It is therefore interesting to note how the base pressure described by k can be shown to
work in two ways, on one hand it forces the detaching shear layer to curl into the wake axis, increasing
both vortex shedding frequency and strength, while on the other hand it effectively slows down the
convected vortices, perhaps to the point of decreasing their strength as seen for the windward coating.
For the remaining coatings it was observed that the vortex strength did not scale directly with ǫ,
meaning that vortices had different strengths not only because of the change in vorticity losses but
also due to different amounts of vorticity originally contained in the detaching boundary layer. This is
particularly evident in the case of the 270◦ and full coatings, which even though presenting roughly the
same vorticity ratios ejected vortices with different strengths. The fact that the fully coated cylinder
produced stronger vortices was attributed to a higher amount of vorticity being ejected by the shear
layer in the fully coated case as it detaches from the cylinder. It seems that the foam/wall interface step
in the windward side of the 270◦ coating causes the shear layer to lose momentum in its recirculation
by Coanda effect and detaching at a lower us (lower k, see Table 6.1), and therefore shedding vortices
at a higher rate (Figure 6.1) but lower strength (Figure 6.18). Such assumptions are also validated by
the vertical distance between vortices h.
If the vortex formation process consists of turning us into uθ then it only makes sense for uθ/us to
relate to ǫ. Recall that the vorticity ratio had been rewritten as
ǫ =
uθ
us
4fπrc
us (1− e−α)
(8.2)
It was observed from the plots relating uθ/us to ǫ that these in fact proportional. This means
therefore that the vorticity ratio can be re-written as
ǫ = A
uθ
us
(8.3)
where A is some constant. If the two previous equations are put together it yields
4fπrc
us (1− e−α)
= A
frc
us
= A′ (8.4)
where A′ is simply another constant. It follows from here that not only the vortex core radius can
be known if the base pressure and the vortex shedding frequency are known, but also that for a given
shear layer speed us the size of the vortices rc is inversely proportional to the frequency f at which
these are shed (explaining the case of the coated windward, with its large vortices ejected at a lower f).
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Results for ǫ were plotted against uθ/us and linear regression yield A ≈ 2.0515. Note that in Figure 8.3
the regression was performed considering the fact that for uθ/us = 0 the vorticity ratio must be zero
as well.
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Fig. 8.3: Vorticity ratio as a function of uθ/us.
In order to test this equation’s hypothesis the measured vortex core radius were plotted against
their newly predicted values in Figure 8.4.
Results show good agreement between predicted and measured values, as well as a steadiness in
the predicted values which is in agreement with what is known about the vortex formation mechanism:
if there is no change in vortex regime the vortex radius should remain constant along the analysed
Reynolds range.
It is also worth mentioning how the windward coating is confirmed to be ejecting larger vortices
while the remaining porous coatings have decreased the size of the vortices being shed. This was
attributed to the delay in detachment and consequent decrease in distance between shear layers at the
time of detachment.
Still on vortex strength and vorticity ratio, results showed a decrease in vortex strength and vorticity
ratio with the increase in Reynolds number. These were in fact initially attributed to the uncertainty of
the phase-average algorithm, but hot-wire data corroborates this observation (see section 6.1). Because
Gerrard stated that the vorticity lost by entrainment along the surrounding flow was not dependant
on Reynolds number [45] and the vortex strength loss is present in the vorticity ratio as well this was
not attributed to a decrease in the vorticity of the shear layer, but rather to an increase in either the
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Fig. 8.4: Comparison between core radius values obtained experimentally and from the vorticity ratio
relation. Note the steadiness in predcited values, which was not observed in the experimental measure-
ments.
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vorticity loss in direction b in Gerrard’s scheme or against the solid in c (in a manner similar to the
one possibly observed for the windward case).
The initial hypothesis put forward was that at flow speeds high enough the base pressure was no
longer strong enough to force the shear layers to curl into vortical structures, thus meaning that less
vorticity made its way into the vortices being produced. The fact that the point where the shear layers
cross the wake axis was found to be independent from the Reynolds number (as stated by Gerrard
[45]) indicated that this was not the case, and therefore the vorticity losses must have been happening
at some point of the mechanism described by Gerrard.
It was considered that should this vorticity be lost at the leeward surface or in its vicinity than
this should necessarily have an impact on the convection speed as well, as the vortical structures were
slowed down in the process. However, since there is no significant drop in convection speed the vorticity
was likely to be lost through c and turbulent diffusion.
While the distance l between vortices was obtained by doing l = (U∞ − uv)T [31], the transversal
distance h on the other hand was obtained from subtracting the measured total speed to the phase
average velocity distribution, similar to what was done by Cantwell & Coles [47]. Results plotted in
Figure 8.5 illustrate how the coating has affected this distance. The fact that values are higher for the
coated configurations than for the solid cylinder is a consequence of the change in separation point and
more turbulent wake which make the shear layers further apart at detachment for the same shedding
frequency.
8.2 Drag coefficient
When drag coefficients were plotted against the measured base pressures, however, it was possible to
observe how each of the coatings increased or decreased drag depending on their configurations.
As seen in Figure 8.6, coating configurations with coated leewards produced lower base suctions
although that does not necessarily correlate with lower drag coefficients. It can be observed from the
data for the fully coated cylinder how even with a lower base pressure parameter it presented a strong
drag coefficient, which was attributed to foam drag.
The windward coating and solid cylinder both generated a base pressure parameter of around 1.58
although with significantly different total drag coefficients because of the high pressure drag on the
windward side of the half coating.
There was no agreement between the measured drags and the ones predicted by von Ka´rma´n’s
Equation 8.5 [31, 42], which consistently overestimated drag coefficients from the measured vortex
parameters.
D = ρΓ
h
l
(U∞ − 2uv) + ρ
Γ 2
2πl
(8.5)
It is not altogether clear what caused the discrepancy with von Ka´rma´n’s formula for vortex drag,
since the spacing ratio h/l was close the one indicated by Chen [117]. As a consequence there was no
agreement with Chen’s solution for l/d as a function of St CD and Reynolds number for h/l = 0.281:
l
d
=
1
2St
[
1 +
√
1− St (CD − 4/Re)
0.397
]
(8.6)
Because only the results for this particular relation seemed pathological and the remaining param-
eters were coherent with each other the discrepancy with von Ka´rma´n’s drag equation was left for
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Fig. 8.5: Vertical distances between vortices downstream from the cylinder. Notice the decrease in the
difference between values at threee and eight diameters as the speed is increased.
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Fig. 8.6: Drag coefficient/base pressure distribution.
future works. It should also be mentioned that the analysis here described is comparative at its core,
focusing on the application of different coatings to decouple the different vortex shedding parameters,
and therefore the disparity with Chen’s results was not considered of significant relevance.
The drag per vortex StCD proved to produce constant values for all configurations at around 0.26,
which proved to be in agreement with the original work by Bearman [54] as cited by Zdravkovich
[42]. This was understood as evidence of how the vortex formation mechanics in presence were at
least similar for all configurations, which constituted the basis of the state-space description of the
phenomenon.
It should also be noted that when StCD was calculated for the flat plate experiment described in
chapter 7 results showed the sandpaper configurations to be closer to 0.25 like the coating configura-
tions had been, while the five plate positions yielded values of StCD spanning from 0.16 to 0.35. The
general trend of the results for StCD with flat plate in the windward was a drop from 0.35 to 0.25 has
the flat plate was placed further downstream, accompanied by a sharp decrese when it was placed at
2.2 diameters from the leeward.
All tested sandpapers proved more efficient at decreasing the total drag applied on the cylinder
(Figure 8.7), although it is altogether unclear why CD and St were not constant along the tested
Reynolds range. From an engineering point of view such results show that although metal foams
can indeed reduce the pressure drag applied on cylindrical bodies, the same result could be obtained
through the use of sandpapers.
Even though the experiment was initially designed to analyse the decoupling of St and CD this
constituted evidence of the second length scale, where both vortices can be considered to be aligned
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Fig. 8.7: Strouhal number and drag coefficient distribution for metal foam coatings and sandpapers.
with each other, and goes on to show how the decoupling of drag and vortex shedding frequency can
be obtained provided that the right length scales are interfered with.
8.3 The state-space approach
In order to understand how the different mechanics were being affected by the metal foam coatings
and how the configurations compared with each other a state-space approach was devised where the
different configurations will occupy different points depending on the produced wakes. Nott only such
a state-space should be applicable to any given bluff body, the state space also makes it possible to
understand which configurations behave in a more similar manner depending on the parameter being
considered.
Results for all tests are presented in figures 8.9 to 8.13, where five different points, labeled “A”
to “E” identify the four coating configurations and the solid cylinder. For all plots the base pressure
parameter is presented next to the label, and each axis represents a different parameter of the state-
space.
This methodology not only makes it easier to understand how the different configurations relate,
but also which parameters are linked, as their distributions will be similar. The plots here presented
are replicated in appendix with base pressure contour lines, highlighting the clustering of the coating
configurations.
At Re = 3.73 × 104 there is no discernible clustering for formation length data, although for the
remaining parameters it can be observed how configurations with coated leeward tend to merge or at
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Fig. 8.8: StCD for the flat plate experiment.
least come closer together in opposition to the solid cylinder case or the windward configuration which,
has it has been observed, behaves in a manner similar to that of a flat plate.
For all speeds up to 25 m/s (RE= 9.32× 104) it can be observed how cylinders with no coating in
their leewards have matching k = f(St, d′/d) and k = f(St, ǫ) (Figures 8.9 to 8.11) suggesting that
the vorticity ratio, in the absence of a porous coating in the leeward, varies linearly with the wake
thickness. Moreover, it was observed that if the Strouhal number was calculated with the pressure
fluctuation frequency (rather than the that of the wake oscillations measured with the hot-wire probe)
results would match for these configurations as well. It seems, therefore, that the vorticity losses
correlate with the inverse of the distance between shear layers, which makes sense in light of the
turbulent diffusion and loss mechanisms described by Gerrard [45]. Because ǫ is arguably the most
elusive parameter in the study of vortex shedding (it cannot be directly measured and is always highly
uncertain), this indication that d′ (which is directly measurable) may be used as a proxy is significant.
This relation between wake thickness and vorticity ratio, however, does not seem to have any
correspondence in other parameters, since even at Re = 5.59× 104 the trend is not mimicked by any
other value. It is however interesting to note how d′/d and ǫ results for the 270◦ and leeward coating
tend to come closer together, distancing from those of the fully coated case. This trend is present at all
the remaining speeds, and has been attributed to the decreased wake thickness caused by the pressure
difference produced by the presence of the wall/foam interface which is not present in the fully coated
cylinder.
At the maximum tested speed (Re = 1.12×105) the decrease in Strouhal number causes the results
for the full coating (B) to depart from the right of the plots, as the configurations behaves in a similar
manner to that of a solid cylinder. It has been hypothesized that as the speed becomes higher the foam
permeability leads to the fully coated cylinder to behave in a manner closely similar to that of a solid
cylinder with a diameter matching the inner diameter of the model, thus possibility to the observed
change in vortex strength Γ as well.
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It should also be noted how at higher speeds (Re = 1.12× 105) two trends arise in vortex strength
and formation length, with the formation length increasing with vortex shedding frequency for all
configurations except for the leeward coating (which was attributed to the forced pressure step at the
foam/wall interface), while for configurations where the stagnation point was not coated the vortex
shedding frequency appears to increase with the frequency. Moreover this appears to follow a trend of
decreasing base pressure parameters from cases A to C.
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Fig. 8.9: Vortex shedding state-space model: Base pressure parameter distrbutions at Re = 3.73× 104.
A- Solid cylinder; B- Full coating; C- Leeward coating; D- Windward coating; E- 270◦ coating.
According to Gerrard [45] the vortex reaches its maximum strength immediately after formation.
This makes sense since after the cut off has occurred no more vorticity is communicated to the vortical
structure being shed. Since the vortex wake can be well described by its frequency, vortex rotational
speed uθ, the speed relative to the flow uv and the speed at which the shear layer was ejected us there
must be a scaling based on these velocity components which describes the remaining parameters.
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Fig. 8.10: Vortex shedding state-space model: Base pressure parameter distrbutions at Re = 5.59×104.
A- Solid cylinder; B- Full coating; C- Leeward coating; D- Windward coating; E- 270◦ coating.
Substituting formation length lf for vortex spacing l
The formation length as initially defined (minimum distance from leeward at which two vortices can be
considered fully developed) was shown to increase linearly with the ratio (U∞ − uv) /uθ for the solid
cylinder case, although no similar agreement was found for the remaining configurations (Figure 8.14).
This decoupling is associated with the effect of the porous coatings on the shear layers over the
cylinder. For a solid lf varies linearly with the convection speed, but when the windward side of the
cylinder is coated with a porous layer it becomes almost constant irrespectively of the convection speed.
It can also be observed from Figure 8.14 that data for the leeward coating configuration forms two
clusters for two ranges of uv/uθ, which was attributed to a possible threshold in speed at which the
shear layer depart from the foam/wall interface.
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Fig. 8.11: Vortex shedding state-space model: Base pressure parameter distrbutions at Re = 7.45×104.
A- Solid cylinder; B- Full coating; C- Leeward coating; D- Windward coating; E- 270◦ coating.
Data for the 270◦ suggests another trend, where as the incoming speed increases the flow overcomes
the momentum loss in the coating.
The fact that lf does not consistently depend on any of the other velocity components and since
the crossing point over the wake axis is constant for each configuration leads to the conclusion that
the wake street configuration is not well described by this parameter.
It would seem therefore that rather than investigating at which point we can find two fully formed
vortices it is more interesting to know the distance between every two vortices l. This is, as it has been
seen before, given by von Ka´rma´n’s relation:
l = (U∞ − uv)T (8.7)
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Fig. 8.12: Vortex shedding state-space model: Base pressure parameter distrbutions at Re = 9.32×104.
A- Solid cylinder; B- Full coating; C- Leeward coating; D- Windward coating; E- 270◦ coating.
From this parameter the vertical spacing can also be known since h/l has been showed to be
constant. Since vortex horizontal spacing only requires us to known the convection speed and vortex
shedding frequency, this parameter can be collapsed into f and uv.
Base pressure parameter k
The base pressure parameter can also be described by speed components alone using its definition by
Roshko [9] k = us/U∞.
Although it could be argued that measuring the shear layer velocity presents several difficulties from
an experimental point of view, this can easily be obtained by knowing the base pressure coefficient
opposite from the stagnation pressure CP s:
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Fig. 8.13: Vortex shedding state-space model: Base pressure parameter distrbutions at Re = 1.12×105.
A- Solid cylinder; B- Full coating; C- Leeward coating; D- Windward coating; E- 270◦ coating.
k =
√
1− CP s (8.8)
Vortex strength Γ and vorticity ratio ǫ
The vortex strength and vorticity ratio can be collapsed into uθ, as both relate to the ratio uθ/us.
Recall Roshko’s vortex equation:
Γ =
1
2f
ǫkU2
∞
(8.9)
As for the vortex shedding frequency, this is one of the core parameters, and the flow speed U∞
is assumed to be known. The base pressure parameter as it has been seen can be obtained from the
shear layer velocity us, which leaves us with the vorticity ratio.
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Fig. 8.14: Variation in lf with uv/uθ.
This is obtained from the approximation of the shed vortex by a corrected starting vortex:
ǫ =
uθ
us
[
4fπrc
us (1− e−α)
]
(8.10)
Where as it has been seen the term in brackets is an experimental constant of approx. 2.0515.
Since both us and uθ are known ǫ can be obtained directly, and Γ comes naturally as the solution
of Roshko’s vortex equation. The comparison between predicted and measured vortex strengths and
ratios is presented on Figure 8.15.
Substituting wake thickness d′/d for spatial ratio h/l and its drag implications
As it has been mentioned previously, the vertical spacing between vortex streets can obtained from the
h/l relation developed by Chen [117]. Although this cannot represent the wake thickness it constitutes
the other spatial parameter required to fully describe the vortex wake [31, 42, 117]. It can then be
seen, by consequence of the presented description, that the drag coefficient is not a required parameter
to described the wake vortex, including its vortex strength.
This does not mean, however, that the present scaling is completely unable to estimate the total
drag applied on the body. Results showed StCD to remain constant for all configurations across the
Reynolds range in analysis, with estimated values between 0.25 and 0.28. Although this constitutes an
uncertainty of 12%, if more work is devoted to refining this parameter than the drag applied over the
body can be obtained simply by knowing the vortex shedding frequency. Knowing the drag coefficient
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Fig. 8.15: Measured (solid lines) and predicted vortex strengths (dashed lines).
and the base pressure coefficient the wake thickness can be obtained through momentum balance as
described before, thus defining all parameters mentioned so far.
Making use of the velocity components the vortex can now be described directly, rather than using
proxy values such as formation length or base pressure. The Strouhal number distribution with wake
velocity components is presented in Figure 8.16 for Re = 3.73× 104.
Results for uv/U∞ were averaged across all speeds in order to minimize the fluctuation in results.
This is justified by the fact that h/l is expected to remain constant across the Reynolds number range
and because results for this value did vary around the values indicated by Chen [117].
Configurations with solid leewards ejected faster shear layers, as a consequence of the lower base
pressure. This is not new, but it should be noted how the windward coating sheds vortices at a larger
convection speed. This can be understood from the point of view of the curling shear layers as they are
shed farther apart from each other and aligned with the flow. This explain the lower vortex shedding
frequency of the windward coating as well (observed in figure (b)). The remaining configurations cluster
at lower shear layer speeds, with the full coating presenting exhibiting its largest vorticity ratio (highest
uθ in figure (b)).
When the Reynolds number is brought up to Re = 5.59×104 the pattern changes as a consequence
of the change in vortex regime mentioned before. The incoming speed is now too fast for the leeward
configuration to efficiently capture it into the near wake and curl up. This is the observed decrease in ǫ
and reflects the described balance between speed and base suction. As the speed increase the detaching
shear layers do not curl as efficiently, bringing point C farther away from B and E. On the other hand
the speed that is not being transmitted into the vortex is of course converted into convection speed,
and therefore it can be observed how point C raises above B and E on the plot on the left. This is in
agreement with the trend found for ǫ = f(uθ, us).
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Fig. 8.17: Vortex shedding state-space model: Strouhal number distribution at Re = 5.59 × 104 with
shear layer speed and (a)convection speed U∞−uv or (b) vortex rotational speed uθ. A - Solid Cylinder;
B - Full coating; C - Leeward coating; D - Windward coating; E - 270◦ coating.
If the speed is brought up to Re = 7.45× 104 and above the final vortex shedding regime stage is
achieved. The Strouhal number distribution at Re = 9.32× 104 is plotted in Figure 8.18. The increase
in speed causes the full and windward coatings to shed their shear layers at higher speeds (us), with
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the convection speed remaining the same. This on one hand it demonstrates the uniformity in uv/U∞
over the vortex shedding range and consequent steadiness in h/l, which constituted the basis for the
averaging of the vortex spacings l as described.
On the other hand it illustrates the constant value of the normalized shear layer speeds, which
coupled with the decrease in uθ help explain the decrease in vorticity strengths for all configurations.
Notice how on the plot on the right all configurations have lower rotational speeds, indicative of the
inability of the base suction to generate enough recirculation flow to feed the vortices with the same
amount of vorticity. That at this point this is observed for the windward coating configuration as well
is evidence that this is not specific of cylindrical bodies.
As a final note, notice how the decoupling of base pressure and vortex strength is once again
demonstrated, as the windward coating has substantially higher values of us/U∞ than its full coating
counterpart while presenting roughly the same uθ/U∞. This constitutes a good example of the two
different curl mechanisms in presence: one by shear base pressure (windward coating), the other by
directing the shear layer towards the near wake immediately at its detachment (porous coatings).
1.5 1.52 1.54 1.56 1.58 1.6
u
s
/U
0.55
0.6
0.65
0.7
0.75
0.8
u
v
/U
Formation length
0.193
0.194
0.209
0.178
0.204
1.5 1.52 1.54 1.56 1.58 1.6
u
s
/U
0.26
0.28
0.3
0.32
0.34
0.36
0.38
u
/U
Shear layer distance
0.193
0.194
0.209
0.178
C
D
E
A
B
A
B
C
D
E
Fig. 8.18: Vortex shedding state-space model: Strouhal number distribution atRe = 9.32×104. Strouhal
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◦
coating.
8.4 Metal foams as vortex passive control methods
The reduction in the scattering of the vortex shedding frequency has been observed in the literature
[6, 113, 118] and has been attributed to a decrease in unstable oscillations in the wake [6]. This was
shown experimentally by Geyer & Sarradj [115].
As described by Gerrard [45], the oscillation in formation length (which was identified as “swoosh-
ing”) is a consequence of the balance between diffusion and formation length. Results seems to indicate
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that the stabilising effect of porous materials stems from the constant value in turbulent intensity in the
shear layers at detachment after these have gone through the porous coating. By making the turbulent
length scales uniform over time the porous coatings suppress diffusion length fluctuations.
This suppression in fluctuations causes the formation length to remain constant over time, thus lead-
ing to a steady value in vortex shedding frequency rather than the bandwidth first identified by Toebes
[110]. When the wake fluctuations for the different configurations are compared (see Figure 8.19) it can
be observed how the coatings where the shear layers detach at the coating have a narrower spectral
scattering, in comparison to the broader trends of both the solid cylinder and the windward coating.
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Fig. 8.19: Wake fluctuations for different coatings at Re = 1.12× 105.
Previous works also showed that although porous coatings decrease the measured sound level in the
cylinder wake, spectral analysis shows an increase in the sound level at the vortex shedding frequency
[115]. This is in agreement with what was found for the analysed coating configurations.
Both described effects (steeper spectrum, and a higher peak at vortex shedding frequency) were
found in the hot-wire results Figure 8.19 and matching the increased vortex strengths in Figure 8.20.
The acoustic measurement results by Geyer & Sarradj [115] showed that the coating increased the
vortex shedding frequency slightly, also in agreement with what hot-wire showed.
It seems therefore that the decrease in noise production sometimes described as “vortex shedding
suppression” can be explained by a disruption of the swooshing effect in the vortex formation region.
This constitutes a key result in this project and a possible objective for future works.
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9Conclusions
9.1 Near-wake vortex mechanics
Most of the wake parameters in the literature, such as formation length, base pressure parameter and
vorticity ratio, appear to be well coupled for the case of a solid cylinder and have been treated as such
over the years. However there is reason to believe that in the presence of porous coatings, which have
recently earned much attention from the community, different patterns can arise as the base pressure
is affected irrespective of vortex shedding frequency. A scaling based solely on the shear layer speed
and vortex velocities was developed to explain such effects.
Using a mapping based on these parameters it was possible to produce contour plots and distribu-
tions of this state-space where bluff bodies with similar vortex shedding performances will form clusters
which may be closer or farther from the canonical solid cylinder case depending on how different the
new shape is from this reference case.
Results have shown that regarding vortex formation length metal foam coating configurations
could be divided in two main groups, namely coated and solid surfaces at stagnation point. This was
attributed to the effect of the cylinder surface over the detachment downstream and the presence or
absence of an entrainment layer.
Shear layer distance and vorticity ratio ǫ were shown to be intimately related, and here a cluster
was formed by configurations with coated leeward sides. This was attributed to the impact of the
entrainment layer in the coating which cancelled the effect of the base suction.
Research has shown that the strength of vortices being shed by a bluff body immersed in flow
increased with the base pressure parameter until at higher speeds the increasing base suction caused
the vorticity ratio to decrease. This cannot be expressed in terms of ǫ and k directly with existing
scalings, but is well described using the velocity decomposition of the wake vortical structures provided
all three components are known.
It has also been shown that base pressure, formation length, and vortex shedding frequency can
be decoupled provided the leeward of the body is altered in the right way. The wake axis crossing
point, of significant importance, can be reached by the shear layer by different mechanisms: through
base suction drawing the detaching boundary layer into the near wake, or by delaying detachment and
hence directing the boundary layer towards the wake axis immediately at detachment. Again, these
two mechanisms cannot be distinguished by standard scaling, but can be differentiated in detail if the
velocity decomposition is known.
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By considering two formation length scales along the wake, one being the distance from the body
at which the shear layer crosses the wake axis and the other the point at which two vortices can be
considered to be fully developed, it was possible to identify how it is possible for two bodies shedding
vortices at different frequencies or convection speeds to shed shear layers which eventually cross the
wake axis at the same location.
Phase-averaged wake velocity distributions showed the produced vortices to follow Batchelor’s
exponential circulation distribution for radius r up to r = 1.2rc. Above this value the integration of
the vortex circulation will become contaminated by the surrounding vortices of opposing vorticity the
total strength of the shed vortex can then be approximated by a starting Batchelor vortex shed into
infinity in the absence of surrounding vortical structures.
When the vorticity ratio ǫ was computed using the starting Batchelor vortex approximation, its
value was shown to increase linearly with the ratio of vortex rotational speed over shear layer speed
at detachment and given by ǫ = 2.015uθ/us.
Overall, regarding the fundamentals of vortex shedding it has been proven that the velocity com-
ponents of a detaching vortex can be well predicted if a set of conditions at separation are known.
These were identified as required variables to build a state-space which can describe vortex shedding
for virtually any shape. The fact that the velocity components of detaching vortices can be known from
measurements over the cylinder surface means that the near wake can be well described with fewer
parameters (three velocity components and vortex shedding frequency) which from an experimental
point of view means a decrease in the number of total tests to be performed.
Still on the experimental point of view, it has been demonstrated that using LDA point measure-
ments over a profile downstream from the cylinder the wake can be reliably mapped with no need
to resort to image resolved techniques such as PIV using a hotwire probe signal as reference. The
phase-average methodology in use was different from the ones found in the literature in the sense that
each point was interpolated using Hermite polynomials rather than discretizing each vortex period in
buckets and then averaging the samples in each of these.
Both methodologies (state-space description and phase-averaging mapping) have been shown to be
reliable with no significant resource requirements other than a method to accurately synchronize data
signals with their time reference counterparts. Researchers aiming to replicate the phase-averaging
methodology here described should therefore take special care to assure that the delay between the
anemometer data signal and the hot-wire reference signal is kept below 10−6 s.
9.2 Passive control with metallic foams
The increase in base pressure for cylindrical bodies with applied porous coatings has been shown to
be caused by an entrainment layer rather than turbulent transition alone. This differentiates porous
coatings such as metal foams from rough coatings such as sandpapers or tripwires, and therefore when
compared to standard rough coatings metal foams decrease drag through a mechanism more similar
to that described for shrouds [2].
The leeward coating configuration produced similar drag coefficients to those of both a cylinder
covered in sandpaper and that of a cylinder with non-uniform radius matching its inner radius. This
means therefore that the high permeability of metal foam allows it to produce significant entrainment
layers with minimal momentum loss by its roughness.
Regarding vortex strength, cylinders with porous coatings were shown to produce stronger vortices
irrespective of the coating configuration in use. The fact that vortex strength was shown not to scale
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with the vorticity ratio constitutes evidence that porous coatings can not only interfere with the vortex
formation mechanics in the near wake but also affect the total amount of vorticity contained in the
detaching shear layer.
If the length scale of the porous coating in use is sufficiently smaller than the length scale of the body
being coated the pressure distribution is well described by a linear combination of the two fundamental
cases of a solid cylinder and a fully coated cylinder. This constitutes a significant finding from an
engineering point of view since it allows to estimate pressure drag for any of the tested configurations
provided these two cases are known. It was also concluded, however, that this linear combination of
surface pressure distributions can estimate pressure drag but not viscous and momentum losses in the
foam, as these do not correlate linearly with coated areas.
Since this surface pressure distribution will necessarily include the base pressure it means the shear
layer speed at detachment is also known from a relation with flow speed and base pressure, provided
the pressure loss across the coating is negligible. Since by applying porous coatings the base pressure is
decoupled from vortex shedding frequency this means the Strouhal number will not be known a priori
and standard scaling may not be able to relate both values.
The decrease in drag observed for coating configurations in the present project and in the literature
is mostly due to their effect on pressure drag through the generation of an entrainment layer, as
suggested by different authors over the years.
The stabilizing effect on the wake by porous coatings is likely to be related to a decrease in formation
length oscillations as the length scale of the porous coatings sets the turbulent length scales in the
shear layers. This is evidenced by a decrease in spectral scattering of wake fluctuations, which can be
explained by the oscillation in formation length and consequently vortex shedding frequency observed
by several authors over the years. From an aeroacoustics point of view this constitutes a significant
finding since it shows the noise cancellation not to be due to vortex suppression but rather to a decrease
in scattering. This is corroborated by the increased values in oscillations at Strouhal frequencies,
in agreement with increased vortex strengths when porous coatings were applied, and can also be
understood as a concentration of vortex energy from a frequency band to a well-defined value.
Overall, it has been shown that bluff body drag can be decreased by other means than turbulent
transition or bleed systems alone, and that metal foam coatings, if applied over the right portion of the
cylinder surface, can affect both vortex shedding frequency and drag alike, similarly to splitter plates.
The fact that metal foam did not produce significantly lower drag values suggests that it is perhaps
best used to decouple vortex shedding strength, vorticity ratio, and vortex shedding frequency. It seems
therefore that coatings made of this novel material find a suitable application in experimental research,
where the wake is best understood if some of its parameters are kept constant while others vary. A
manipulation made possible by the metal foam coatings but not by the tested standard passive control
methods.
9.3 Future works
The product of the Strouhal number by the drag coefficient StCD was shown to be constant across
Reynolds number range in analysis for all configurations and varied around 0.25. Since this value cannot
be predicted, this coupling can only be treated as fortuitous, although it has been shown to represent
the total drag per vortex. If this relation is fully understood, along with the discrepancy with von
Ka´rma´n’s vortex drag equation, there are reasons to believe the velocity decomposition model could
accurately predict drag as well.
160 9 Conclusions
By performing noise measurements and their spectral analysis in the cylinder wake it would be
possible to relate the directivity with the wake oscillations directly. Should these values correlate with
the fluctuations of the wake velocities as well, there would be reason to believe the proposed vortex
model could predict not only wake distributions but also vortex noise, and consequently lift fluctuations
on the cylinder through Curle’s analogy.
Another comparative analysis could be attempted, by which the metal foam coatings here studied
would be compared with equivalent surface roughness coatings. By applying this thesis’ methodology to
cylinders covered with rough patches mimicking the configurations here described, it could be possible
to study the impact of turbulent transition - a parameter which in this study was relegated to second
place, in favour of the more prominent entrainment layer effects.
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Fig. C.1: Phase-averaged wake: solid cylinder at Re = 3.73× 104, 3d downstream
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Fig. C.2: Phase-averaged wake: solid cylinder at Re = 5.58× 104, 3d downstream
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Fig. C.3: Phase-averaged wake: solid cylinder at Re = 7.45× 104, 3d downstream
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Fig. C.4: Phase-averaged wake: solid cylinder at Re = 9.32× 104, 3d downstream
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Fig. C.5: Phase-averaged wake: solid cylinder at Re = 1.12× 105, 3d downstream
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Fig. C.6: Phase-averaged wake: fully coated cylinder at Re = 3.73× 104, 3d downstream
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Fig. C.7: Phase-averaged wake: fully coated cylinder at Re = 5.58× 104, 3d downstream
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Fig. C.8: Phase-averaged wake: fully coated cylinder at Re = 7.45× 104, 3d downstream
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Fig. C.9: Phase-averaged wake: fully coated cylinder at Re = 9.32× 104, 3d downstream
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Fig. C.10: Phase-averaged wake: fully coated cylinder at Re = 1.12× 105, 3d downstream
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Fig. C.11: Phase-averaged wake: leeward coating at Re = 3.73× 104, 3d downstream
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Fig. C.12: Phase-averaged wake: leeward coating at Re = 5.58× 104, 3d downstream
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Fig. C.13: Phase-averaged wake: leeward coating at Re = 7.45× 104, 3d downstream
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Fig. C.14: Phase-averaged wake: leeward coating at Re = 9.32× 104, 3d downstream
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Fig. C.15: Phase-averaged wake: leeward coating at Re = 1.12× 105, 3d downstream
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Fig. C.16: Phase-averaged wake: windward coating at Re = 3.73× 104, 3d downstream
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Fig. C.17: Phase-averaged wake: windward coating at Re = 5.58× 104, 3d downstream
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Fig. C.18: Phase-averaged wake: windward coating at Re = 7.45× 104, 3d downstream
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Fig. C.19: Phase-averaged wake: windward coating at Re = 9.32× 104, 3d downstream
C Phase-averaged wake distributions 215
Relative U velocity [m/s]
0 0.1 0.2
x[m]
-0.2
-0.1
0
0.1
0.2
y[m
]
-10
-5
0
5
10
Relative V velocity [m/s]
0 0.1 0.2
x[m]
-0.2
-0.1
0
0.1
0.2
y[m
]
-10
-5
0
5
10
Vorticity field [1/s]
0 0.1 0.2
x[m]
-0.2
-0.1
0
0.1
0.2
y[m
]
-150
-100
-50
0
50
100
150
0 0.5 1 1.5 2
x/r
c
0
1
2
3
4
5
6
 
[m
2 /s
]
Circulation through different methods
Closed path integration
Green Integration
Vorticity field [1/s]
-0.1 0 0.1 0.2
x[m]
-0.2
-0.1
0
0.1
0.2
y[m
]
-150
-100
-50
0
50
100
150
0 0.5 1 1.5 2
x/r
c
0
1
2
3
4
5
6
 
[m
2 /s
]
Circulation through different methods
Closed path integration
Green Integration
Fig. C.20: Phase-averaged wake: windward coating at Re = 1.12× 105, 3d downstream
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Fig. C.21: Phase-averaged wake: 270 coating at Re = 3.73× 104, 3d downstream
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Fig. C.22: Phase-averaged wake: 270 coating at Re = 5.58× 104, 3d downstream
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Fig. C.23: Phase-averaged wake: 270 coating at Re = 7.45× 104, 3d downstream
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Fig. C.24: Phase-averaged wake: 270 coating at Re = 9.32× 104, 3d downstream
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Fig. C.25: Phase-averaged wake: 270 coating at Re = 1.12× 105, 3d downstream
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Fig. D.1: Wake velocity profile for the solid cylinder 3d downstream.
222 D Wake velocity profiles
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Fig. D.2: Wake velocity profile for the solid cylinder 8d downstream.
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Fig. D.3: Wake velocity profile for the full coating 3d downstream.
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Fig. D.4: Wake velocity profile for the full coating 8d downstream.
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Fig. D.5: Wake velocity profile for the leeward coating 3d downstream.
224 D Wake velocity profiles
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Fig. D.6: Wake velocity profile for the leeward coating 8d downstream.
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Fig. D.7: Wake velocity profile for the windward coating 3d downstream.
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Fig. D.8: Wake velocity profile for the windward coating 8d downstream.
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Fig. D.9: Wake velocity profile for the 270 coating 3d downstream.
226 D Wake velocity profiles
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Fig. D.10: Wake velocity profile for the 270 coating 8d downstream.
EPreliminary PIV tests
228 E Preliminary PIV tests
Fig. E.1: Averaged PIV velocity and vorticity - solid cylinder. Velocity and vorticity distributions at:
Re = 3.34× 104 ((a) and (b)), Re = 7.45× 104 ((c) and (d)), Re = 1.12× 105 ((e) and (f)).
E Preliminary PIV tests 229
Fig. E.2: Averaged PIV velocity and vorticity - full coating. Velocity and vorticity distributions at:
Re = 3.34× 104 ((a) and (b)), Re = 7.45× 104 ((c) and (d)), Re = 1.12× 105 ((e) and (f)).
230 E Preliminary PIV tests
Fig. E.3: Averaged PIV velocity and vorticity - leeward coating. Velocity and vorticity distributions
at: Re = 3.34× 104 ((a) and (b)), Re = 7.45× 104 ((c) and (d)), Re = 1.12× 105 ((e) and (f)).
E Preliminary PIV tests 231
Fig. E.4: Averaged PIV velocity and vorticity - windward coating. Velocity and vorticity distributions
at: Re = 3.34× 104 ((a) and (b)), Re = 7.45× 104 ((c) and (d)), Re = 1.12× 105 ((e) and (f)).
232 E Preliminary PIV tests
Fig. E.5: Averaged PIV velocity and vorticity - 270◦ coating. Velocity and vorticity distributions at:
Re = 3.34× 104 ((a) and (b)), Re = 7.45× 104 ((c) and (d)), Re = 1.12× 105 ((e) and (f)).
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Fig. F.1: Simplified state-space at Re = 3.73× 104.
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Fig. F.2: Simplified state-space at Re = 5.59× 104.
234 F State-space distributions
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Fig. F.3: Simplified state-space at Re = 7.45× 104.
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Fig. F.4: Simplified state-space at Re = 9.32× 104.
Rotational speed u
0
0
0
0
00
0.
05
0.05
0.05
0.05
0
.0
5
0.05
0.1
0
.1
0.1
0.1
0.1
0
.1
5
0
.1
5
0.15
0.15
0
.2
0.2
0.2
1.48 1.5 1.52 1.54 1.56 1.58
u
s
/U
0.58
0.6
0.62
0.64
0.66
0.68
0.7
0.72
0.74
0.76
u
v
/U
Strouhal number St
0
0
0
0
0
0
0
.0
5
0
.0
5
0.05
0.05
0
.0
5
0
.1
0
.1
0
.1
0.1
0.1
0.15
0
.1
5
0.2
0.2
1.48 1.5 1.52 1.54 1.56 1.58
u
s
/U
0.22
0.24
0.26
0.28
0.3
0.32
u
/U
A
B
C
D
E
A
B
C
D
E
Fig. F.5: Simplified state-space at Re = 1.12× 105.
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Fig. G.1: Wake fluctuation spectra for the solid cylinder case.
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Fig. G.2: Wake fluctuation spectra for the full coating configuration.
236 G Original spectral data
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Fig. G.3: Wake fluctuation spectra for the leeward configuration.
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Fig. G.4: Wake fluctuation spectra for windward coating configuration.
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Fig. G.5: Wake fluctuation spectra for the 270◦ coating configuration.
